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GLOSSARY OF SYMBOLS AND TERMS

translational acceleratlion (inertlal)

system matrix, 3x/3x

control matrix, 3x/3u

aerodynamic coefficient; e.g., Cy = side force coefficient
drag coefficient

center of gravity, usually of seat/pilot

phase plane space for acceptable trajectories (x,i) within escape
envelope, Figure 3.6.

force vector; vector function

gravity constant; load factor acceleration
altitude of seat/pilot CG above sea level; (-z)
hydraulic diameter of seat/pilot

cost functional

*‘

various control gains

Y

seat/pllot mass

N
.
/

st gy
.

"
it 4®

Mach number

5

roll rate

pitch rate

dynamic pressure

yaw rate; moment arm (e.g. rD)

seat reference area

thrust magnitude; sample interval

control vector; x-body component of velocity of seat/pilot
translational velocity; y~body component of velocity of seat/pilot

speed (velocity magnitude) of seat/pilot
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' w z-body component of velocity of seat/pilot %
\: X state variables; roll axis p::
, 3~
: y output (observed, measured) variables; pitch axis :',:
v |Kf
z yaw axis ?
: a angle of attack : t:(
3 !
. fag!
3 8 sideship angle ':
. g
é small deflection angle, e.g., nozzle deflection !
- T torque on seat/pilot system o
. s"'n
.. “l~
N 9 roll angle s
o
8 pitch angle -
X X yaw angle ;',:’_-*
;: w angular velocity of seat/pilot with respect to inertlal reference '::'
® angular acceleration of seat/pilot (inertial) o
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FANGX,

FCMAG
KEAS
MACH
|3
PITCH

PITNZ1

ROLL

RS A A A ARSI

PLOT VARIABLE DEFINITIONS

FANGY, FANGZ angles locating thrust vector in seat/pilot
coordinates (degrees); (see Figure)

FANGX

FANGY y
PANGZ ’

fe

Magnitude of command force (1lb.)
Knots Equivalent Alr Speed

Ratio of TCMAG to FCMAG (Ft.)
roll rate (degrees per second)
pitch angle (degrees)

nozzle | pitch deflection, 668 (degrees); see
igure 3.4

pitch rate (degrees per second)
yaw rate (degrees per second)
acceleration radical, Equation 3.34

roll (blank) angle (degrees)
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CHAPTER 1 »

INTRODUCTION AND SUMMARY E .

o,

j This report is the final report for the project, '"Vectored Thrust oy
‘j Digital Flight Control for Crew Escape', contract number F33615-82-C-3402, is

j . sponsored by AFWAL/FIER, It represents a summation of the work performed %f'

under contract to the Air Force during the period June 1982 to February J;

1985. The major project goal was to investigate the feasibility of P,

: designing a closed loop control system for ejection seats utilizing 3:'
" vectored thrust propulsion systems. This goal was achieved most affirmatively 32
via the development of a fast, relatively simple and relaible control f\

N logic which is particularly suited to the crew escape problem. This ﬂb‘

N central activity was the primary item in Task 2 of the project, i{l

N It requires much more than developing an algorithm to determine %\ﬁ
feasibility, and so the project addressed several related key issues, 3

i including: (1) developing requirements and specifications, and synthesis and :f
? analysis simulation capability (Task 1); (2) control component hardware - z;i
- survey and trade study (Task 3); and (3) prototype simulation on a real time fiﬁ
facility of the control logic on a breadboard controller (Task 4). For g

- many of these activities, SSI received the support of the following E$'

i subcontractors: Stencel Aero Engineering provided ejection seat design :ﬁ:

S experience and useful insight into meaningful analysis methods; Boeing 5::

X Military Airplane Company assisted in the hardware survey and provided ;-t
2 engineering support in the use of their EASIEST software package; i&
i Unidynamics/Phoenix designed and fabricated the wire-wrapped controller; ?i
3 and, Martin Marietta of Orlando provided engineering support in the area of ;i
propulsion configurations, as well as supplying personnel and facilities ?ﬁ

Ve
* "
l'l-
A
a_r

for developing the real time hybrid simulation,

»
o e
l. '.

—e v
’

)

»

E The combination of declining survival statistics during crew escape in o
* recent years and improving control component technology have made this E&
B control design study timely and practical., The control technique is based %‘
; on nonlinear acceleration control, which exploits v-.ry well the unique and :35
; highly nonlinear characteristics of the pilot/seat system, This report :%:
NS
pJ n ‘
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B
~

b, * . ...‘

:'.\-':\-i':"':'. '.u‘.:'. --. -‘. !*\-...;’.:’.;'. -).\‘..-._ ‘V'_:-':-.\'J::-"‘\-'\)\J".'-'."- -.:\.. ‘.. RO R 4.:' Y .'. .-\ . .. :.‘ ‘. L L ._-. :. ::.. \..- : _‘. ,_‘ .

e




e

[d P~

s a s A

" SA

LA A AL A i AN I S A ALV A S Sl A e "-'l',

. . PN . T
LA Sac W AT 4 i AN C Al vl "eL G Lt e A RN

reviews the design of the controller, including the related actuator

configuration and microprocessor architecture issues.

A bread board hybrid simulation utilizing a wire-wrapped electronic
digital controller and a unique vectored thrust actuation concept, has been
developed for real time analysis of the concept, and is also discussed in
this report. Examples presented show that thls design represents a
reasonable approach for the control of the seat in its harsh, highly
constrained environment, over several diverse escape conditions. The
results reported here are derived from a project funded by the Air Force,

AFWAL/FIER, Wright-Patterson AFB.

We wish to emphasize here that this project is a feasibility study,
aimed at providing conclusive answers as to whether the self-contained,
vectored thrust crew escape control concept is valid when used with
state-of-the-art hardware. The scope of the project is limited primarily
to this issue, which is a very critical and important one. As a
consequence, however, there are other important issues which will not be
fully addressed by this project, or in this report. These include a full
design to incorporate fault tolerance, redundancy management, hardware

reliability, and many hardware component design and implementation aspects.

This report consists of four Volumes. Volume I, containing Chapters 1
through 5, reports primarily on the first three project tasks. Chapter 2
introduces the basic design problem, and Chapter 3 presents the results of
the Task 1 activity, control system requirements and specifications
analysis. Chapter 4 presents detalls of the control law design, as
developed under project Task 2, and Chapter 5 concludes Volume I with a
discussion of the control system hardware identification and trade study,

the primary Task 3 activity.

Volume II, containing Chapters 6 through 8, is devoted to the last
project task, the development of the real time hybrid simulation system
(Chapter 6), simulation results (Chapter 7), and to a summary of the
project results (chapter 8)., Volume III contains Appendices A through E,

which support text in Volumes I and II. Appendix A presents the seat

A
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equations of motion used in this design effort. Appendix B shows the &\ ;
blueline drawings of conceptual vectored thrust concepts based on the ACES ;g%é
ITI prototype seat. Appendix C contains a listing of VAX-developed ‘“é
software, and Appendix D discusses aspects of state estimation. Appendix E '$E$
(AN

describes components specifications for selected control hardware elements :hgh
1.5

which have potential ejection seat application. Finally, Volume IV ;?ﬁf
et

consists of Appendix F, the Martin Marietta hybrid simulation design 5
- .f.i ?‘g
report. Ay
A

The authors wish to acknowledge the invaluable support received during ;57‘

K&

the course of this project by many fine people and organizations. 1In ~

particular, Steve Baumgartner of Boelng, Chet Kylstra of Stencel, Larry . ;
PO,

LaClair and Jerry Roane of Unidynamics, and Keith Klukis, Al Ciaponi, Bill t;}:
Hester and Les Canney of Martin Marietta; at SSI, Dan Martin (who authored ng

’

Sections 5.3 and 5.4), Raman Mehra, Kitkoon Chan and Alina Bernat. 4;£.
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CHAPTER 2

PRELIMINARY DISCUSSION

2.1 Statement of Problem.

When the latest generation of attack and fighter aircraft became
operational, the lncreases in performance, maneuverability, and combat

effectiveness brought with them a disturbing drop in both combat and

non-combat ejection survival rates. The Air Force has iIn the past few

years become acutely aware of this trend, and is initiating a
high-priority, multifaceted effort aimed at developing a new generation
escape system whose survival envelope is capable of matching the

performance envelopes of the host aircraft to a much greater degree.

The object of the current project reviewed in this report is to
provide detailed specifications and a preliminary engineering design for a
vectored thrust capable "on-seat” closed loop flight control system;
further, to conduct feasibility and hardware trade studies, and real time
breadboard simulations. As such, this project is recognized by SSI as
playing a crucial role in the Air Force's overall effort to upgrade crew

escape technology and, more importantly, save the lives of more flight

personnel.

2.2 Overall Approach to Control Design.

Our overall approach to the TVC design involves a hierarchical struc-
ture consisting of: (a) Open loop acceleration profiles and ejectlon seat
trajectories obtained using cross-product steering or a trajectory optimi-
zation algorithm such as ESOP (Section 4.2.4) for a range of ejection con-
ditions, and Implemented on line in a closed loop mode using a MAC-based
acceleration control approach; (b) real-time monitoring of the ejection
seat dynamics around the open loop trajectories obtained in Step (a), and
(c) deslign of closed loop feedback. control laws using the acceleration
control approach for maintaining stability around the reference trajec-
tories and minimizing the effect of disturbances on overall escape system

performance.
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A block diagram of the control design consisting of three hierarchical

levels is shown in Figure 2.1.

The reason for using the above approach is that the Ejection Seat
Dynamics is highly nonlinear, whereas both the LQR and the MAC approaches
require linear models, The design of an optimal nonlinear feedback law
requires solution to a dynamic programming problem, which cannot be solved
except for systems with one or two state variables. The above approach is
similar in spiril to that of Bryson and Ho (1969) for control of nonlinear
dynamic systems, except that we use a nonlinear programming approach for
trajectory optimization. The reason for thls choice 1s that it is
extremely difficult to handle state inequality constraints such as the
pilot acceleration limits by trajectory optimization techniques based on
the Calculus of Variations or Maximum Principle. The nonlinear programming
approach, especially ESOP described in section 4.2.4, is very well suited
for handling large numbers of constraints on both the state and the control

variables.

2.3 Project Organization,.

To meet the major objectives of the design effort - which are to
design, simulate and test a closed loop control law for ejection seats, and
to assess the design's feasibility on state-of-the-art hardware - four
tasks have been defined. These tasks will be outlined in this section, and
they include: control law specification development, Task 1 (Section

2.3.1); control logic design, Task 2 (Section 2.3.2); control hardware

integration and trade study, Task 3 (section 2.3.3); and, prototype design

and real time breadboard simulation, Task 4 (Section 2.3.4).

The project team assembled to accomplish these tasks was headed by SSI
as Prime Contractor. Subcontractors were Stencel Aero Engineering and
Boeing Military Airplane Co. for Tasks 1 through 3, and Martin Marietta and

Unidynamics/Phoenix for Task 4.

2.3.1 Task 1: Specification Development. The primary goal of Task 1

was to develop specifications to be used in the control system design

phase. This goal translates Into one of finding the amount of control
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authority required of the on-seat energy sources to effect safe crew
escape. Within the scope of this project, safe crew escape is achieved

when:

(1) The escape is initiated within the flight envelope specified
o by MIL-S-9479B (briefly, from 0/0 conditions to altitudes of
50,000 feet and airspeeds of 687 KEAS - knots equivalent air
speed), and within aircraft translational acceleration limits
specified Iii MIL-S-9479B.

(2) The acceleration environment on the pilot is modified or
maintained sn as to keep the acceleration radical from exceeding

the value 1.0, as defined in paragraph 3.4.11.2 of MIL-S-9479B.

(3) The attitude of the seat/pilot combination is maintained
within the range of orientations and rates necessary to support

item (2) above.

(4) Attitude and steering control is such that the escaping
seat/pilot avoids any aircraft sections, e.g., tail or wing, and
altitude is maximized for complete and safe deployment of the

main chute.

In addition to the primary Task 1 goal, other critical Task 1 activity
involves conducting a preliminary sensor, energy source, and microprocessor

hardware survey (Chapter 5).

Our analysis of the control problem, conducted during Task 1, has led
to a basic control design approach. This approach and the overall control
design methodology are presented in Chapter 4. The control design

specifications required for this approach are also detailed in Chapter 3.

2.3.2 Task 2: Control Logic Design. As stated in the Task 2

requirements, the goal of this task is to "prepare the final optimal design .\i“'
CRECR
for the ejection seat vectored thrust digital control system”. Subsequent oy
o
sections of this report will document that the control approach described P
here has been implemented and demonstrated successfully in the harsh Jf
-,":t\
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ejection environment. The cases presented in this report indicate that

this implementation represents a feasible and useful design,

The design accommodates very well the realities of its operating
environment. Although initially tasked by the Air Force to perform an LQR
design, it became apparent early during the project that such a design by
itself would be very cumbersome and inefficient, and most llkely
inadequate. The design approach which evolved is based on sound theory and
engineering practice and is unique to the ejection seat environment. It
relies on techniques of nonlinear trajectory optimization and uses
principles of Model Algorithmic Control and nonlinear decoupling. The
final control approach is structurally simlilar to an acceleration control

concept developed by Meyer and Cicolani (1975).

Chapter 4 will present the details of the control design. Briefly
stated, the design is hierarchical (see Figure 2.1). It includes real-time
access to reference acceleration trajectories. The latter may themselves
be computed suboptimally in real time, or the controller may access
prestored, optimal nonlinear reference trajectories. This is the outermost
level, Level 3. The reference trajectories are supplied to two parallel
inner loops which perform angular and linear acceleration control by
comparing predicted accelerations against the prestored desired
accelerations and processing these through a linear filter (Level 2). A
cluster and sensor system dynamics are Incorporated in Level 1, the

innermost loop.

This control design has displayed robustness and flexibility when
tested at extreme design point conditions such as low altitude-~high dynamic
pressure and inverted attitude. The overall control law is nonlinear, but
includes an integral term to eliminate steady state errors. It generates
commands for the thrust controller which is assumed to provide the desired

thrust.

2.3.3 Task 3: Hardware integration; Trade Study. The purpose of this

task, which is reported on in detail in Volume I, Chapter 5, was to

determine if the control concept proposed is compatible with
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"off-the-shelf"” control hardware components. This was done by surveying o;f
current hardware, obtaining key performance and other relevant 7f

specifications (for example cost and weight), and by developing a ﬁ:z

quantifiable measure for each relevant property, with a view towards thrust };#

vectored ejection seat applications, which allows a trade~off comparison to 'gb

be made among equivalent candidates.

2.3.4 Task 4: Prstoltype Design; Real Time Breadboard Simulation.

Although the control design effort (Section 2.3.2) is central to the entire
entire project, Task 4 represents the culmination of that design, in that
its performance unier more realistic conditions was examined. TInputs from

Task 3 allowed for a refinement of the Task 2 design, and the final design

sequence for the breadboard simulator, performed in Task 4, exploited the ;Eﬁ
ref inements. ‘:"ﬁ
g
The initial scope of this task was more limited. A Tektronix Eti
microprocessor development lab hosting a Motorola MC68000 chip was obtained t?f.
to analyze architecture and Implementation issues for the real time version Ei?
of the control logic (See Volume 1I, Chapter 6). However, the magnitude of Vfﬁ
this effort, plus limitations In equipment and microprocessor development ;E’
software led eventually Lo an expansion of the scope of this task. This ;;’
: was because the Tektronlx system, when coupled with the VAX mainframe gj
| processor, was not able to operate in real time on control logic of ;Tf
reasonable logical complexity, when coded in a higher order language. :?“
R
: The amended activity called for the design and fabrication of a :é;
i wire-wrapped controller, using the same chip and higher order language 2]
I (Pascal), to be Interfaced with a hybrid simulation environment. The éﬁf
; VAX-Tektronix system was then to perform an intermediary role in developing ;f.‘
; and debugglag the controller logic, which was then "burned” onto the :ﬁ%
L controller chip. As is described in Chapter 6, several simulation systems T:E;
! were maintained, each with varying degrees of real time capability and :u:\
y changeability, resulting in a flexlible breadboard analysis capability. The ;S;
overall performance results, as described in Volume 11, Chapter 7, were ::;-
most gratifying, and a final confirmatlon of the practlcality of the control e
; design. :£§
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CHAPTER 3

TASK I: SPECIFICATION DEVELOPMENT

3.1 Introduction

This chapter discusses performance specifications and quantifies the
plant and environment models for the ejection seat vectored thrust control
design effort. Task 1 is a requirements development phase, requiring the
development of quantified specifications on which the ejection seat control

system Is to be designed.

The requirement for survivable ejection conditions at all points in
the "escape envelope” specified by MIL-S~9479B (USAF) imposes stringent
performance specifications on the control system. The control requirements
are unique for the seat/pilot vehicle in that crewperson survivability is

the primary element of the control system performance index.

The ground rules under which the control system specifications
presented here apply include the following. Open seats as typified by the
ACES II model built for the Air Force by Douglas Aircraft Corp., in
single-seat aircraft, are the focus of the project control design effort.
The control system design Is to be fully self-contained on the seat, and
able to function succesfully without dependence on the aircraft system
avionics or other external data sources. The hardware utilized in the
final control system design must, as completely as possible, be at or near
state-of-the-art. The dynamic environment under which the control system
is developed is specified by the digital software contained in the SAFEST
and EASIEST 6 degreesof freedom (DOF) computer programs made available to
SST by the Air Force, at operating conditions established in MIL-S-9479B.
It is expected that the final design will be sufficiently robust so as to

be successfully implemented on prototype hardware.

It is a major purpose of Task 1 to identify the problem, identify key
state variables, control variables, fixed and dynamic constraints, and
appropriate design point escape conditions. Another critical requirement

of Task 1, in the context of the design methodology presented above and
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detalled further below, is to quantify the thrust capability required for
varlous worst case scenarios. Results of our analysls in this area are
presented. This activity as well as the activity in step (2) above

represent major Task 1 results needed for actual control system design.

The robustness of the control design s to be assured by use of a

hierarchical structure.

The control approach detailed in Chapter 4 places importance on proper
reflection of flight conditions to be used iIn the design, and also on
having a reasonable quantitative understanding of the ranges of values
state and control! varlables may assume. Both of these key issues are dealt

with in this chapter.

Section 3.2 will discuss basic theory; that is, equations of motion
and related assumptions, escape conditions, etc. which dictate the

operating environment for the control system.

Within Section 3.3, section 3.3.]1 will discuss flight conditions, and
list those which at this time are considered to be the critical design
points, as well as cite time domain requirements for these flight
conditions. Section 3.3.2 will list all of the constraints, i.e., range of
acceptable values, for the state and control variahles [dentified for each
trajectory phase. Section 3.3.3 specifies disturbance modeling and
disturbance rejection requirements, and Section 3.3.4 places some control

design issues In the context of the crew escape problem.

3.2 Basic Theory

This section sets the background for specification development and
eventual control law design. This consists primarily of establishing the
operating environment for the seat, and specifying its mathematical

description.

3.2.1 Description of seat dynamics., 1In this section, we detail some

of the considerations leading to development of the seat/pilot tions

dynamical system which is to be used in the derivation of the closed loop




vectored thrust control law. Also, the main sets of dynamic equatlons are
presented and explained. 1t 1is important to note that these equations will
not approach the detall or complexity of those coded in SAFEST and EASIEST
{see Sectlions 2.4.1 and 2.4.2). The equations represent a compromise

between a high level of accuracy and the desire for both a tractable level

of complexity and a feasible duty cycle time.

Section 3.2.1.1 will present nonlinear formulations of the "free”
(that 1s, fully detached from the rails, plus any other lines or tethers
connecting the seat to the aircraft) seat/pilot system, acted upon by
gravity, aerodynamic, and (when appropriate) drogue and rocket forces.
Section 3.2.1.2 shows how the propulsive forces and torques are modeled,
and Section 3.2.1.3 presents the linearized free body seat/pilot system, as
well as the second order spinal compression dynamics. Finally, Section
3.2.1.4 describes aspects of the seat dynamlcs while rthe seat is moving up

the rails.

3.2.1.1 Nonlinear free body seat/pilot equatlons. We now present and

explain the nonlinear set of dynamic equations to be used in the free body

ejection seat TVC control law design. The nonlinear and linear sets each
have a use in the overall design approach (Sections 3.2 and 3.3). The
appropriate set will be used as part of the constraint equations in the
optimal control formulation. The nonlinear set will be used for the
off-line optimizations, and the linear set will be used in real time
applications. Wherever possible, for continuity, we have retalned either
explicit SAFEST/EASIEST, or convenllonal aerodynamic naming conventions.
In a like manner, coordinatlzations will follow the conventions set by
EASIEST. To assist in this area, we make the following definition: v
represents a vector quantity assoclated with S (seat, or seat/pilot i
together), which is coordinatized in the E (Farth-fixed) frame. The E

frame [s considered to be inertlal for all of the analysis done here.

The second major axis system is that attached to the seat, whose
origin is at the Seat Reference Point (SRP). This is the S frame. A
related frame {s parallel to the S frame, but its origin Is located at the

combined seal/pilot center of gravity (CG). Other frames will be defined
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2
: as they are Introduced. All frames follow the usual right-handed geometry. f3
! See Flgure 3.1 for a schematlc of the F and S frame relationship. n
) i
For the purpose of development of appropriate dynamic relationships :':

-‘ for control synthesis, we are assuming that the seat/pillot mass, moments of ::
f ) inertla, and CG location are flxed in the S frame, once a glven escape ,JJ
trajectory is Initiated. Any time-dependent changes In these quantities . *
E over the course of a trajectory will be conslidered as di{sturbances to the :@J
. control system. Fixed disturbances which lead to changes In the values of f;
these quantities, but do not change over the course of a trajectory, can be k:

_ modeled directly by these equations. A consequence of th's assumption !s o
:2 the representation of the combined seat/pilot system as a rigid body, i:
3 during a given trajectory. That is, seat/pllot mass and moment of Inertia t;‘
fj are constant during a trajectory. Ei
»i The dynamic equations for free hody seat/pilot motion are bhaslcally an 5?
j expansion of the accelerating frame representation of Newton's Law: 15(
- ;'{
mvS = -mwS/E x vS + maext (3.1) | =

g ISwS/E = —wS/E x(1SwS/E) + rext (3.2) ;z
:
2 Here, vS is the (inertlal) velocity of the seat, wS/E the (inertlal) )
N angular velocity of the seat/pllot, m the combined seat/pilot mass, IS the :i
s composite seat/pilot moment of inertia with respect to the center of ;}
:f gravity, and a®Xt and t@Xt the applied acceleration and torque, ;;
= respectively. ih:
S The applied force environment Includes aerodynamic, gravity, all %}i
I rocket and catapult, and drogue forces. For the time helng, the E:
; development presented in this section will neglect disturbance effects N
modeled as nolse, in addition to aero forces and torques generated by =

5 stabllizatlion devices such as fins. 1Included in the dynamic model, but not 53
. distinguished symbolically here, i{s the mass-inertia change resulting from 3

drogue deployment. For thls model, the drogue will be assumed to deploy

instantaneously, and the mass-inertia update will be effected al drogue
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deployment time. Most of the dynamic analysis, however, occurs during the ﬁﬂ:

sustainer-on phase, with no drogue chute deployment.

The use of a rotating system for defining the baslc dynamics In
Equations (3.1) and (3.2) is necessary in order to eliminate severe
algebraic difficulties associated with a time varying inertla tensor. In
addition, it is most convenlent to represent many of the forces in the §
frame. FEquation (3.1) must be applied twice iIn order to lsolate position

varlables such as altitude. An alternative method for computling position,

Kl becod

which we follow here, Is to transform the velocities to the E frame, and

then directly integrate the E components. The Euler angles as presented

. below are already expressed kinematically in a directly integrable form. t}:
; These angles are assumed to be in the yaw (¢), pitch (8), roll (¢) gi;
Q sequence, from E to S. " e

As 1s done in the EASIEST/SAFEST code, all force and torque components fgq
E are expressed in the SRP-referenced S frame. They then are combined into a iﬁg
y resultant force and torque before being converted to the CG frame. The u,x

catapult is assumed not to act on the free seat/pilot vehicle. Aero forces

I

and torques are given as follows:

\
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c C — 3.4
Gy + pCg, () (3.4)

Cng (0
+ q —
A = GshD Cn Mg "2V

hD
Cp + tCh (_ﬁ)

In these equations, S is the seat/pilot reference area,'E the dynamic
pressure, hD the hydraulic diameter of the seat/pilot, p, q, r the roll,
pitch and yaw rates of the seat/pilot in S coordinates, V the speed in the
wind, Cgp, Cmq, and Cnr are (constant) input éero damping coefficients, and
the C are the SRP-referenced aerodynamic coefficients, which are modeled
in EASIEST/SAFEST as tabular functions of angle of attack (a), angle of
sideslip (B), and Mach number (M). We use bicublc spline representations
to model the C; as functions of a and B, based on results from Beale (1975)
and White (1974). This model neglects direct Mach-dependent effects. An
analytic representation of the aero coefficlents In the control system
model would greatly ease the computational butden of the control synthesis
effort, bhut we have found it appropriate to evolve Indirect schemes for

inferrlng aerodynamic forces and torques. See Chapter 4.

As stated above, the drogue is assumed to deploy instantaneously to a
steady state, line stretch condition. If we further assume that, in this
condition, the line remains taut and along the wind axis direction, and
further assume that the drogue's Cp is constant, then the force and torque

on the seat/pilot due to the deployed drogue are:

£D = -FDq [CpS]D vV (3.5)
D

TD = rD x fD (3‘6)

In these equations, v¥W is the unlt vector of the seat/plilot with respect to

the wind, [CpSI? is a constant drag parameter of the drogue, and rP 1s the
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bridle attach point moment arm. Typical values for [CDS]D are about 5.02
ft L ]

The remaining forces are due to gravity and the propulsive devices,
Gravity forces are expressed in the usual manner in the S frame by means of
the Euler angles; the expressions for the propulsive forces and torques
are derived in Section 3.2.1.2. We neglect any catapult-related
interactions on the free seat/pilot body. Combining all of the above
forces and moments (and coanverting the latter to a CG reference), and
expanding the expressions in Equations (3.1) and (3.2) results in the

complete nonlinear set of equations. (See Appendix A).

3.2.1.2 Rocket Force, Torque Equations. The arguments of fR and TR in

Equatlon (A.1) represent the major control variables for the seat/pilot
system. These are thrust (T), nozzle pitch angles (@), and nozzle roll
ang'es (¢). These are deplcted as vector quantities, with Indices
corresponding to a given nozzle, Note that this convention departs
somewhat from that used in SAFEST/EASIEST. The YAW and PIT quantities in
EASIEST are used in direction cosines, and do not seem to be as physically
meaningful for use as nozzle gimbal angles as the ones we have defined. 1If
each rocket's orientation in the S frame is specified by means of its own R

frame (see Figure 3.2), then the zero nozzle deflection thrust is given by:
fR = _TzR (3.7)

where T is the rocket thrust magnitude, and ER is the unit vector pointing
in the direction of the exhaust plume, along the nozzle's axis of symmetry.
The unit vector ;R does not necessarily polnt along the fuel cylinder axis
of symmetry., For example, the ACES II sustainer rocket fits in the seat

back, pitched back from (—;S), yet the nozzle axis polnts forward at about

45 degrees in the (—;S)-(;S) quadrant, to go through the 50%-ile pilot CG.
See Figure 3.3.

The unit vector ;R is oriented in the S frame by the angles 6p and

$r>as shown in Flgure 3.2. The nozzle's zero~deflection orlentation, as

17

DR
o o

-,
v ) TS

v

’,

2

o @
4

- v, .

y ‘;?7 .'i 3 ..n"‘-":'

o v,
3,2, f A

A i

....q
BN
AR

o ’;. .
- Lt

i '\‘:O"
et
[ 0 N

(o

AR

s
ey O




|
Catapult
@ Attach
Point
\
'
4.50°
hu.——*
|
Slider
Block
Drogue ®
Atnc/ Conter of Ma
Point G enter o ss
Aircraft
O-Q‘— j -
| x =
]\ ~—~—
12.5°
Slider———sm Seat IRet, z )
Black Point T,
\ -
| —.
Sustainer 2 — -~
Rocket /
!
S51ider e ®” /
Block - _ _ -
Catapult

Attach Point aet
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well as the resultant nozzle deflections, are best defined using pitch (8g)
and roll (¢g) angles.

The torque on the seat/pilot due to each rocket is given by

TR = (RN/S 4 (-rCG))xfR (3.8)

In this equation, tRN/S jg the location of a given nozzle with respect to
the SRP, and rCC is the CG location in the $ frame. To quantify, for ACES
[l with a 95 percentile pilot, the EASIEST value for the CG location in S

(in feet) is

0.511
rCG = 0.0 (3.9)

For nonzero nozzle deflections, we define z%N to be a given nozzle
principal axis unit vector. 1Its general orientation in the appropriate R

frame 1s given by

4S8
RN = | -5, (3.10)
R

c¢ce

where, for example, sg = sin(9), etc.

For convenience, sub- and superscripts have been omitted here from the
nozzle deflection angles 6 and ¢. The general rocket force and torque

expressions in the S frame expand to
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§ FC¢seceR - S¢S¢pSeg + CCoCrBe6R

f

wn=

= (-T) 0 - S¢C¢R + C¢CeS¢R A Fy (3.11)

[

i

“.

~C$S089p~ B¢S¢pCoR T CHCORCHRCO | Fg | by,

5t YRNF 2 - (zpN—2¢g)Fy Tx A §i

Tg = (ZRN_ZCG)FX - (XRN—XCG)FZ A Ty (3.12) ::
"o (XRN-XCG) Fy - YRNFX ‘ Ty

:: [:
-~ Each propulsive device modeled on the seat will have relations of the above i}
~ —~
forms. Note that, based on (3.9), yecg is set equal to 0.0. =

Ca .‘:'
% The linearized versions of (3.11) and (3.12) are now developed. At fﬂ
ol NS
- this time, it is felt that the linear versions will be appropriate for all e
b L7
control synthesis applications. This is related in part to the fact that 'qg
. the effective nozzle cone angle will probably not exceed 20 degrees. The ot
T

ﬁ cosine projection of 20 or 30 degrees generates about a 4 % error in the u§

- i ~
j linear model, and the sine error is about half of that. :,
3 o,
: Define the linear nozzle deflection angles as §g (pitch) and 6¢ 23
% (roll). Because these are "sufficlently"” small, they may be treated as :if
; components of vector quantities, whereas the pure Euler angles can not. Sﬁ
However, we retain the sign conventions of the Euler set, so that positive .!g

pitch deflection is along +xg, and positive roll deflection is along -yg, ﬁ
as seen In the linearized version of Equation (3.10) ;;S
SN

[
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N PO
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2RN = | -5, (3.13)

1 fzv

)

Equation (3.13) orients the nozzle, to first order, with respect to Its ¢T§
zero deflection axis, zR. ‘£§
SSI Conflguration. At thls polint, it 1s convenient to represent ‘¥

specific configurztions of nozzle locations for seat/plilot TVC. Many of _;
the following assumptlons are not necessary. The configuration presented Eﬁ'
below is best taken as a "generic” one, for it possesses resultant features 3;
of many likely hardware configurations. The goal of a given configuration Lf
is to provide full, decoupled control of the seat attitude and displacement .?3
motion. The configuration presented in Figure 3.4 can achieve this goal at ::
least mathematically, when control of thrust magnltudes is introduced along E*E
with thrust vectoring. Controllability studies are an Important aid in ‘,?
finalizing the configuration (Section 3.2.2). ué?
The conflguration presented here has been of great use in ??E
demonstrating feasibility of the control concept, as well as in studying ég,
the effect of actuation dynamics on overall system performance. However, ‘
this configuration 1s not practical because certain commanded nozzle ?nﬁ
deflections and rates lead to thrust impingement on parts of the seat é;
and/or pllot. An alternate, more practical configuration-is discussed in Sg
Section 3.2.2.4. This configuration uses many more nozzles, and spreads §§
them out over the seat for more responsive, efficlent energy management. E:f
Figure 3.4 is a representation of three gimballed nozzles directing gi

the (variable) thrusts of three separately controlled propulsive devices. b?
Number 2 may be thought of as being similar to the current ACES II EE‘
sustainer rocket in location and thrust capaclty, except that here, we Si:

allow nozzle deflections. Numbers 1 and 3 can be thought of as vernler ;;
rockets, with perhaps less thrust each than Number 2, The thrust 4:;
modulation and vectored thrust features of Number 2 are primarily for &
5
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steering control; however, they would also provide a certain amount of

1
redundancy in attitude control, which is the primary activity of Numbers ] P

and 3. It is not important at thls time to specify the type of hardware o

o

used to vector the nozzles, &:u
o
: The key to Figure 3.4 is the symmetry of nozzle placement with respect e
to the seat x-z plane: 4;

%

A A A oY

xl = x3 =X ; y3 = —yl ='y H zl = 23 = Z (\_»

G

f\d'

A

y2 =0 5 Ory =82 -

A (3.14) ey
Or) = 983 =OR 3 R = ¢Ry = PRy . DG
| : =
. Ty = Tq = T Kot
: ! 3 5
’ s
: Equations (3.14) were used under the following considerations. Nozzle No. :}}
i 2 should point nominally through the 50%-ile pilot's seat/pilot CG. The g
. geometry for this 1s seen in Figure 3.2. 1f rCG is taken to be the 50% cG, i;j
. S
. then, the nominal zero deflection thrust line is given by fft§
s

! rR = N - (C6 (3.15) .
. where rN is the nozzle location with respect to the SRP. The unit normal E::
. of tN = 2R, Equation (3.10) can define 2% if we replace 6 and ¢ with 6y R
I and ¢g, respectively. If we then equate this version of zR with the .Qﬁ
.‘ c\.-
. normalized components of Equation (3.15), there results P
o:‘l

: 5
N v
i -1 yN -
H ‘bR = - sin (__.d ) -
:: R (3.16) "_:.:_
i. J..':'.
: o
D 1.:
i

e e_5
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(xN - xCG) (3.17)

where g = sin

IZXN - xCG)2 4+ (N - ;CGy2

dg = (xN - xCG)2 4 (yN)Z + (2N - 2CGy2 (3.18)

If Number 1 and 3 nozzles have primarily an altitude control role, it
may not be necessary to require them to have a zero deflection thrust line
through the 50%-ile CG. This 1s because these nozzles would thrust only to
cancel disturbance torques, and there is no "nominal™ direction assoclated
with this activity. This I1s why all of the 1 in (3.14) were set to 0.0.
This condition could be removed of course, should evolving operational
requirements demand it, i.e., for reliability conslderations. These
rockets may be thought of as RCS clusters of nozzles, with each nozzle
fixeds An average thrust direction over time could be generated by proper

modulation of thrust pulse widths iIn the appropriate nozzles.
Under the above assumptions, the linearized force and torque equations

for the entire configuration of Figure 3.4 become

—TceR 0 —TzceR 0 0
fg = fRo + 0 T 0 Ty 0 > (3.19)

Tsgp 0 T8, 0 O

24




0 T(z-z¢cg) 0

~Tl(x-xcg)sqg + (z-z¢g)Copl O -T2l(22-2¢6)Cep + (x2-%cg) s8]

0 T(X—XCG) 0

~T(2p=2¢() Tsgpy |

0 0

T2(X2—XCG) TCeRy

ZSeR
0

ZCQR

In Equation (3.20), Numbeg 2 has been located in the x-z axis plane of

the seat. The control vector u arises from the linearity assumption and

the particular configuration:

750) + 803 ]
6¢1 + 5¢3
58,

6¢2
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3.2.1.3 Linear free body seat/pilot equations. Linearization of Equations

(A.1) 1s an exerclse whlich must be done with care, especially in the case
of seat dynamics, because the seat/pilot system and 1ts operating
environment is highly coupled and nonlinear. 1In addition, the
nonlinearities are not only in the nature of the usual complicated
aerodynamics, inertia coupling, variable mass, and propulsive effects,
although these certainly are present here. Additional nonlinearities also
arlse in seat/pilot dynamics because of discontinuities arising from such
events as catapult effects, discontinuous mass/inertia changes due to chute
deployments, line stretch effects, and the rockets turning on and off. Tt
is quite obvious, then, that the various assumptions made to linearize be
clearly noted, and the limitations which arise from them be observed as

closely as possible.

Linearization is assumed to occur about a given nonlinear operating
point. 1Tt is counslistent within the expected accuracies of the seat/pilot

linearization process to assume, for the ACES II prototype, that

Ixy = Iyz = 0.0 (3023)

This assumption is not strictly necessary for producing a llinear system,
but it greatly reduces algebra and eventually, duty cycle requirements;
also, it strengthens more standard linear assumptions which allow
decoupling of variables which appear as products In the nonlinear
equations. 1In the ACES II 95 %-ile case, the determinant of the full
inertla tensor for the seat/pllot system In S coordinates 1s 2396.2

slug—ftz, and its value under the assumption (3.23) is 2398.6 slug—ftz.

The operating point is defined as generally as possible. This is a
reflection of the typical highly coupled attitude motions a seat is
subjected to under most escape conditions. Thus, all state variables are

redefined as follows:

X * x + x (3.24)
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The left-slde variable x is computed from the nonlinear set (A.l); x KA

represents the value of this varlable at the operating polnt of Interest, {ﬂi

AN

and the right-side variable x becomes the linear state variable. Before

¥

presenting the equations, we note the following: (1) Linearization is

equivalent to generating the system Jacobian matrix. This s done

LSS
At

-
o "
-

numerically by EASIEST; the analytic Jacobian derived here was verified

- -

numerically agalnst a partlicular EASIEST computation, with good results.

¥
(i1) Some nonlinear variables decouple from the maln system in the sense (:T
that they are not needed to define the dynamics of the major varlables. Eﬁé
The variables which decouple are x, y, z, and y. Of these, x and y are ﬁsﬁ
eliminated from the system totally. Altitude ( -z ) and heading ( ¢ ) are
X retalned because of more relevant interest, Altitude, or its estimated :?:*
value, is an Important varlable in the steering loop. (1ii) Angles of ;::
. attack and sidesllip are defined by the approximations :€$

a = w/vV B = v/V (3.25)

-
v
s
2.
RO
®.
-

where the CG speed V is related to state varlables via
V2 = w2 + v2 + w2 (3.26)

(iv) Finally, dynamic pressure was assumed to be constant in the linear set
derived here. The realities of high Q ejection could require reassessing

this assumption to Include first order dynamic effects while keeping alr

F density fixed. The linear seat/pilot system 1s also shown in Appendix A.
. We now present the equatlons for spinal compression of the crewperson
; during ejection. These are extracted directly from MIL-S-9479B, and the

EASIEST software:

, 2
§ + 20pLd + Wb = g, (3.27)

5 where g, ls the z-axis load factor, & is the splnal compression in inches, —

and the natural frequency and damping of thls system have the values
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w, = 52.9 radians/sec
g = 0.224 (3.28)

The dynamic response index, DRI, is related to § by

WnSmax
DRI = - = 86.9 Spax (3.29)

Equation (3.29) is driven by the z-axis load factor. The seat/pilot load

factors, in g's, are defined with respect to the combined CG by the

following:
8x
gy | = -(hy[rext _ GS/E x rC6 - WS/E x (WS/E x £CG)]g (3.30)
g
g

In this equation feXt represents all external forces applied to the
seat/pilot. There is some question as to the adequacy of referencing the
load factors to the combined CG, rather than to a more vital location, such
as the pilot's head or a particularly sensitive internal organ. However,
for this activity, we shall remaln within the scope of the level of
accuracy of human tolerance modeling as presented currently in
EASIEST/SAFEST.

Another conslderation entirely appropriate for the system (A.2) 1is the
modeling of the actual nozzle dynamics. At this point, a first order lag
model seems acceptable, The consequence of introducing even first order
dynamics is to add each nozzle deflection angle to the list of state

variables:

If 8. 1s the commanded nozzle deflection, then

§ = -aé + Ké (3.31)
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where 6 is the actual nozzle deflection (state variable), and a 1s the

system break frequency, or inverse time constant. The parameter a ls
largely set by the physical slew rate of candidate nozzles, and is a key
design factor. More complicated models are not really very critical to the
control design problem, because of the hierarchical nature of the design
method favored here. This hierarchy implies that actuator or valve
dynamics occur fast enough to be dynamically nearly “"invisible” to lower
levels In the hieiarchy; and, In any case, first order models are adequate

to study dynamic interaction.

3.2.1.4 Seat-on-rails Dynamics. This section covers dynamics of a

phase of the escape sequence for which explicit control design was not
done. The discussion is included for completeness. A modification of the
control approach can be applied during this phase, which also is concerned
with initialization, self-test, determining condition, and start-up

activities for the main controller function.

The dynamics of the seat/pilot system on the guide rails is naturally
determined almost completely by the behavior of the "host"” aircraft. For
the requirements of the control synthesls effort, the ralls will be assumed
to be attached rigidly to the alrcraft, and to Impart to the seat only a
friction force as It slldes up them, in addition to the contact forces
which constraln much of the seat's motion to follow that of the aircraft.
The degrees of freedom of the seat on the rails are thus restricted to the
translational degree along the ralls, until all but one set of attach
blocks 1s free of the rails. At this point, there ls also a degree of

freedom in pitch.

There are, then, at most two state variables which can be modulated by
the seat control system while it is on the rails: rall position and pitch
angle with respect to the alrcraft reference. The only meanlingful control
during this phase is supplied by the catapult system. The magnitude of
catapult thrust could be controlled between minimum and maximum values as a
means of controlling accleratlons on the crewperson over the range of
escape conditlons. A minimum catapult thrust, a value which would vary

with escape condition, is needed to ensure clearing the vertlical stabllizer
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: of the aircraft. The maximum value is closely related both to the DRI ;;E
3 (dynamic response Index) limit the pilot can tolerate, and to the alrcraft '%:
': z~axls acceleration at ejection. Depending on these factors, then, the :f
* maximum attainable catapult thrust will likely be modulated. v
‘3 For the system considered, the seat is assumed to have two degrees of ;g
f freedom, translatio& along the rails and a pitch angle about the two slider . Eﬂ

» blocks. The left and right slider blocks are assumed to translate along -
‘; the rails equal amounts. The possibility that the blocks may bind in the - ?C
‘: rails due to lateral forces on the seat 1s ignored in the model. €$
¥ 3

Explicit consideratlon of the forces of constralnt, i.e., the forces -
v on the slider blocks that keep them in the rails, is avoided by usling Fé
¥ generalized coordinates and the Lagranglan formulatlon of mechanics. The :(;
’ equations of motion that result are second order in two variables, or ::
:: equivalently, first order in four variables. The simplicity is useful in o
any attempt to obtain purely analytical results concerning the behavior of .Eﬁ

é; the seat while it 1is still on the rails. See equation development details %ﬁ
i in Appendix A. ﬁi
- oy
. 3.2.2 Rocket Nozzle Configurations and Controllability. :%
5 The use of vectored thrust flight control logic on an ejection seat h&
; requires significant upscaling in the propulsion system. Current rocket :i
L. actuation devices provide a fixed thrust level (at a glven temperature) at r :
'# a fixed attitude. Requirements for closed loop control for the next ??3
> generation seat lead to propulsion systems which are to be considerably :3:
: more flexible and responsive than current systems. A key factor in ;2
> designing properly the configurations of such a system Is in determining
R whether the system is controllable. We now ligrass a bit to relate thls o
i concept to the current design effort. ;f
; Loosely speaking, a system 18 controllable if it can be brought from if
= some given state at tpn, say xg, to another state, xy, within a finite time N
£ (t1-tg). More exact definitions Involve other concepts such as {3
j "reachability” - i.e., the state x| must be reachable using an admlssable -
y set of controls. >
‘ E

v .
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In the ejection seat problem, attitude and trajectory control are
lmportant. 1f this control Is to be obtained strictly vla vectored thrust
control, ignoring for the time being such devices as the drogue chute,
aerodynamic surfaces, momentum wheels (e.g., STAPAC), etc., then it 1is very
Important to establish a minimally complex nozzle configuratlon which will
provide the required control of the seat. To scope this problem we are
seeking a vectored thrust system which can be packaged on an escape seat -
a requirement which results in several performance limitations -~ and which
can provide three—axis attltude and three—axis translational control of the
combined seat/pilot system, which 18 viewed for now as one rigid body.

This is the basic 6 DOF control requirement and the major design issue 1is
to develop such a system with current hardware and software technology,

which will provide adequate control of attitude and trajectory.

This section addresses vectored thrust control for longitudinal, then
the complete longitudinal/lateral (6 DOF) cases. In order Lo mechanize a
minimally capable 6 DOF configuration, we have initially developed a design
which has a minimum number of  independent nozzles, three for full 6 DOF
control. Each nozzle is assumed to be able to supply any thrust
orlentailon and magnitude (within physical 1limits) independently of any
other nozzle/thruster system, although some hardware components could
conceivably be shared. Also, the thrust vectorlng mechanism is not an

issue here,

Ideally, the controller will be "decoupled”, that 1is, one control
Input affects one output variable only. This goal would be very difficult
to accomplish for 6 DOF ejection seat control; furthermore, some coupling
is very natural and not a hindrance to control design. For example, the
seat can be commanded to an attitude which is not only "safe"” (in terms of
biodynamic factors) but also orlents the net thrust vector appropriately
for the specific trajectory requlirement. Thus, attitnde conltrol ls always
important, and usually dictates or couples Into, trajectory, or steering,
control. 1In short, we are trying to achieve independent attitude and
trajectory control, while recognizing that some coupling between them 1s
allowable from the standpoint of controller objectlves, and most likely

necessary from a mechanization standpoint.




More realistic designs tend to have many more nozzles, and each nozzle
is dedicated to the control of one or at most two degrees of freedom.
Typlcally, pairs of nozzles are used for attitude control about each axis,
and translational control is provided by other thrusters of larger capa-

clty. By greatly increasing the number of nozzles, each nozzle becomes

mechanically simpler, and greater control redundancy, hence reliability
results. Many of the nozzles can thereby be fixed in attitude, which
further enhances reliability as well as simplicity. We have examined such

a configuration also, and it is described in Section 3.2.2.4.

3.2.2.1 3 DOF controllability. For pure longitudinal control, as for

more complicated systems, we start with the simplest system, and only
reluctantly add more complexity. A single nozzle is thus analyzed first
(Figure 3.5). The usual nozzle deflection angle limits (slew rate limits
are also very important, but this 18 not directly a controllability issue)
and selectable thrust capability provide less than full controllability at
best; however, a configuration will be considered if it can supply suf-
ficient forces and torques for the allowable escape conditions (speed,

attitude, altitude).

One nozzle, shown in Figure 3.5, is not sufficlent for 3 DOF
(longitudinal) control, even when thrust magnitude (T) and deflection angle
(8) can vary independently. By proper design, thls nozzle can be located
so that its cone angle will produce ranges of the force vector colncident
with the majority of desired accelerations. However, the simultaneous

satisfaction of an altitude requirement cannot, in general, be met.
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§ (pitch) nozzle deflection angle o

) Smax : nozzle cone angle

, R : nozzle/CG distance ok
v o
: Figure 3.5 Three Degree-of-Freedom Controllability %:
< Schematic, One Nozzle. o
\)

- m‘
" B
> There are three basic quantities to be controlled, A
by = § = pltch acceleration e

3 ay =0 = forward acceleration :2l
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; B
a, = ; = vertical acceleration f
) i
It is very evident that, with (T,§) as the only independent controls, i:
N only two of the above quantities can be controlled explicitly. ‘Ei
A
?‘- My = -T R sin$ :.
N Q
X ay = T cos(6+8)/mass (3.32) . ;
. j;
- a, = =T sin (8+§)/mass . :iﬁ
> L)
§ Given desired values of these quantities, MYD’ axp» azp, Equation (3.32) SE
y shows that, say, u = (T,§8) can be selected to control a =(ay,a;). (8 is a 2
] fixed parameter). If this Is done, M would be fixed also, and would not, A
: in general, be appropriate for pitch control. Control of at least one of :E
% the dynamic variables must be sacrifliced with this configuration. (This ;ﬂ
" could be acceptable if, say, 6, Tpin, R, and 8pax Were selected so that @ﬁ
. there were anl aJ min adequate for high Q tail clearance. However, this f%
i value may be inadequate for a 0/0 or other low altitude adverse attitude %f
;: escape, where more z-axis capablility is needed, but would perhaps conflict :35
j with the M and a requirements. Control loglc could weight which two
varlables are to be controlled depending on conditions. This type of ;;j
approach was taken for the configuratlion discussed in Section 3.2.2.4). :3
Addition of a second, similar nozzle would provide adequate, Independent 3 kr
DOF control In the approprlate locatlon (e.g. point B of Figure 3.5). The :i
above analysis suggests that, for this case, a minimum requirement (necessary ]
‘z conditlon) Is that the number of control varlables at least equal the ;Si
2 number of variables to be controlled. We do not offer a formal proof of ;:
. this contention, but note that thls contention is not true of dynamic ?F‘
. systems in general. 1In the discussion of A DOF control which follows, .f%
. however, we will show by means of an example that thls 18 not also a ?};
j sufficient condition. i}
: L
3.2.2.2 6 DOF Controllability. In the last subsection, it was shown o
that 3 NOF attitude and steering control was not possible with one i gé
" Independent nozzle. One nozzle 1s thus clearly inadequate for 6 DOF is
control, even when It can move In a full, 3-D cone and vary thrust N
»
R
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magnitude. One nozzle in 6 DOF applicatlons consists of three basic
controls:

u = (686,8¢, T

Based on the above discussions, it follows that a nozzle with this control
capability can control translation, within the usual thrust magnitude and
cone angle limits. 1If devoted to this activity, it will, in general, also
generate a non-zero torque. This torque may or may not oppose attitude
control objectives, but 1t cannot be changed without compromising the

steerlng control function.

If we do isolate the translational (CG position) control function,
however, one nozzle suffices: nozzle force, f = -T ERN, as defined in
Equation (3.10). From this equation, it is evident that any “"reasonable” f
can be achieved by at least one feasible set u = (86,8¢,T). Figure 3.2
defines the basic nozzle geometry. Nominal or zero-deflection thrust is
along the (-;) axis. For ejection seats, this axis will be located to pass

through, or close to, the seat/pilot CG.

The above is a case In which m = 3 control varlables "fully"” control n
= 3 output variables! (ay, ay, az). It should not be necessary to use
equations here to argue convincingly that, at any glven orientatlon, the 2

orthogonal axes lying In Uthe plane perpendicular to the thrust axis can be

»
»

controlled via thrust vectoring, but not the thrust axis itself. Thus, if

-
.

the thrust axis 1s called the roll axis, then only pitch and yaw attitude

A AR

control is possible with any one nozzle,

.A_
"I

‘. "; e

iy
j L7

It is therefore only one simple step further to conclude that two
nozzles, each with 3 iIndependent controls (6 total) cannot fully control
- the seat/pllot slx degrees of freedom. Any flve nf these quantities can be
controlled using a Lwo nozzle configuration (due to dynamic coupling).
Partial control I1s possible, but may come at the expense of unacceptable

operational compromises. We have conflirmed this result numerically. A

loutput variables are often a subset of the state varlables, but more
generally, they are functlons of the state varlables.
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control matrix B A 8(;)/8u for the two nozzle configuration has been set

up, using n = m = 6. B was shown to have rank 5.

Analytically, it is easlier to look at submatrices of B to justify the

above conclusions. Consider

Af Biy Blz uy (3.33)
AM Bs) BZ u

where u; = (86,8¢,T) for nozzle 1, etc., and each of the 4 submatrices of B
are 3x3 In size. Equation (3.33) represents the linearization of the force
torque equations about some nominal dynamlc condition; im this case, uy

and uy represent changes from the (nominal) control settings U; and Uj.

By and By are very similar in form; one merely refers to nozzle 1
and the other to nozzle 2. The only difference lies in the parameler
values which locate the nozzles. Thus, if By is rank~deficlent, so would
be Bjo. The same reasoning applies to the bottom half of B, [By;Bjo]. Blj
(where j = 1,2) has the form:

[~ -
T3 cej' Tj sey 8¢y [ Coy S0y
By = 0 | 4 o5 | Sé4
T sejl T3 coy 8¢j| ~cos <oy

where ej and ¢j are the angles which orient the nominal thrust line for

nozzle j in the seat/pilot body axes, and cg; = cos(0;), etc.
3 ]

Controllability implies here invertibility of Bij° If By} is non-
singular, than a unique control set uj can be found for a given vector Af.
This can be considered a sufficlency coudltion, but not a necessary con-
dition., Thus If det (Blj) # 0, our assertion that one nozzle fully
controls 3 axis translation s valld. The determinant computes easier if

Tj is set = 1.0, which can be done without loss of generallity. Then

36
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det(B = + cy. -8 - -sg, S i

= 100 '..,
} For a situation in which the 2 nozzles are located symmetrically with b::
) .-.l.
: respect to the seat/pilot x-z plane, 4
] 'l“
' ( ) ( ) ag
-ysg.T -(ycp. + 2c4.)T c - 28 A

? y ej h| y erq’j C¢J ] y ¢jcej z ¢j .‘:‘."\
' sz = —(zcej + xsej)Tj (zsejs¢j - xcejs¢j)Tj -(zc¢jsej - xc¢jcej) E:T
: a3
! —ycej Tj (xc¢j+ ySej 3¢j)Tj (xs¢j ~ yc¢jsgj) nf
:
where x and z are fixed moment arms to the seat/pllot CG from the nozzle :rf

and y is * depending on whether nozzle . or 2 is used (j = 1 or 2). A ]

o

little more algebra shows that R

det(Bz;) = 0.0 , j=1,2 RS

)

Thus, for a representative configuration, the general conclusions .3?

e

concerning 6 DOF controllability using 2 nozzles have been quantitatively

<

demonstrated. Thls means that, even though there are m = 6 free controls,

RARANIY
Aty

A
-" o«
o

they can control fully only 5 of the 6 output dynamic variables. More

y |

control capability, i.e., at least one more nozzle, is required, although

Lthe levels of attitude and steering achlevable with the pure two-nozzle Q?
130Y
. system may be consldered to be marginally adequate. We feel, however, 35
\ v
t that the complexity of adding extra nozzles s more than offset by the much Ko
' greater controllability which is achieved. Furthermore, proper design and Eg%
E placement of a three or four nozzle system will most certainly not double i;;
E the size or weight of a two nozzle system, since, for example, the total ;}:
a system energy requirements are basically fixed. That is, four 2 thousand &;:
g pound nozzle systems can provide as much energy as one 8 thousand pound F‘
5 rocket, but in a much more usable form for control, -:f
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3.2.2.3 A Possible 3-Nozzle Configuration. The following

conflipguratlon I3 proposed from a control designer's point of view. See

Figure 3.4. This configuration was also discussed in Section 3.2.1.2 in
connection with development of the rocket force/torque equations. 1In terms
of packaging, hardware lmplementation, etc., there may be a need for
modiflcation., Our subsequenl analyses show that, for the variety of escape
conditlons and the demands these conditions place on the propulslon system,
the minimum three-nozzle configuration produces impractlcal thrust
directions in many cases. That is, very large gimbal angle changes
(leading to possibly unrealizable slew rates) and/or exhaust impingement on
the pilot or seal often dwvelops. A nore realistic configuration is
discussed in the next section. One can assume that either RCS values or
gimballed nozzles are used. The key concern here is the functional
performance of this configuratlion, A configuration Is needed which is able
to convert the force and torgue comnands into specific nozzle deflections
andthrust magnitudes. The functionally easiest way to do this is to locate
two nozzle clusters at a maximal moment arm location (e.g., off the pilot's
shoulders), and dedicate these excluslvely to attitude control. These
nozzles would be symmetric with respect to the seat/pilot x-z plane. A
third nozzle with full gimbal and sclectable thrust capabllity, located
about where Uhe ACES U1 sustalner rocket is, would then provide

trajectory/steacing control.

We present here a slight modification of the above configuration.
Again, it is necessary to emphasize that this is a functional and not a
hardware configuration. The modificatioy raflects the fact that some
coupling should exist at high Q. To use the trajectory thruster only for
acceleration control would effectively “"waste” its abllity to aid in
of fselting rha larye acro pitch torques at high Q. This would

unnecessarily add more to the torque thrusters' energy requirements,

Tn the new scheme. the 2 symmetric thrusters would provide the only
lateral control function, and would assist the central, larger, thruster
with its functions, if they had any rescerve capiacliy. The central thruster

(No. 2 in Figure 3.4) would have only longitudinal control capability.

That 1is, up = (67 , T9). Nozzle 2 can he positioned so that it cancels

-



> - =5 -

T e X

mosl of the high ) acro Lorque as well as thrusts In the standard, desired

directlon for escape (up and forward).

For the ACES LI prototype, nozzles | and 3 in the configuration under
consideration need a combined 2000 pound capability and nozzle 2 should be
s Lzed far about 9000 pounds. This configuration Is invertible: that is,
we can solve for up., up and u3's elements by using the force-moment
equations given the commanded rocket forces and torques (f., Mc). The

equations are:

£y (X + Xp + X3)
fy = (Y; + Y3)
f2 | (z) + 23 + 2Z3)
L d L i
My -z(Yy + Y3) +y (23 - Zj)
My = z(X] + X3 ) - x(2) + Z3) + 29 Xg ~ x3 2y
M, y(X1 ~ X3) + x(Y) + Y3)
- . - -

and, for nozzle j,

in seat/pilot body coordinators, and the moment arms (e.g., x, zp) are
defined in Equation (3.14). The carlosiaa elements of £(3) are solved for

first, and then readily converted to the “"polar” elements (ej,¢j,Tj).

The above problem is overdetermined. Thus, we define

k= fx /fpz

and sel

X3 = k Zj
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"
2 This reduces the inversion problem to an (analytic) 3-by-3 matrix inverse, ;t
: whose singularity is related only to nozzle location geometry. 3{
4 g-
\ al
3.2.2.4 A_Practical Configuration. ‘;
1 s
N The three—nozzle configuration discussed in previous sectlons Is ade- Q'
32 quate for the preliminary analyses of the earlier project tasks, but a - ::
' more praclical design 1Is needed for an operallonal seat. From the stand- ‘i
;: point of rapid response for attitnde control - which can be exceptionally éi
2 critical in the case of yaw control at high Q, for example - and also Ei:
f simplicity, it is better to have more fixed thrusters than fewer sinhallad :;:
o thrusters. Eventually. weight and complexity cousiderations limit the E~
*k number even of the simpler., fixed thrusters. ;%i
" ]
3 A careful design which can exploit redundancy, packaging and weight igx
hy requirements in an efficient manner s beyond the scope of this project. —éé
b Much of these design issues have been addressed hy a parallel Research and %ﬁ
‘: Development program, Design of Selectable Thrust Propulsion Systems for ?i;
; Crew Escape. E;{
- o9
In addition to this program, our own analyses led to the conclusion %#
% that dispersed pairs of thrusters, one pair for each of the three rota~ FE‘
: tional axes, and one main thruster for translational contr~l, represent a gf;
i much more realistic design than that discussed in Section 3.2.2.3. Such a k:;
configuration, depicted "generically” in Figure 3.11 (next page) consists F;
L~ minimally of seven fixed nozzles, although one could be added for redun- ?&
: dancy. A specific design, developed by Martin Marietta Orlando Aerospace k;:
: for this project, was mechanized and tested successfully. Table 3.0 shows ;ﬁa
the definitions. The formulations for fr (rocket force) and tr (rocket ;;
torque) shown In the Table are Invertible when optimization criteria are .ii
- applied to resolve the overdetermined nature of the problem of solving the i:‘
X (fr,tr) system, whlch has slx equations for uc, which has seven variahles. ‘?5'
A The numerical simulations, whlich were run on the same problems utilizing _;f
- Lthe three-nozzle configuration of Section 3.2.2.3, show that the values for fi:
E the uc components are very reallistle, and within specifications. The ;;S
' thrust levels for the attitude thrusters, fl to f6, are in the 0-2500 '}&
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Side View Back View

N3 < > Nl. YAW THRUSTERS

imbal k
Nz N7 (gimballed)
Ng

Main, Pitch Thrusters

N6 ROLL THRUSTERS

Figure 3, 11 Seven-Nozzle Configuration, Based on Martin-Marietta
Design. All thrusters are proportional control using
MMOA High Force Gain Value Concept.
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ue = (£1,£2,£3,£4,f5,f6,07,£7)

vhere
f1,£
£3.£4
: fs,fg

87.£;

AN

15 -
tr - mif) +

n) fy -

c1fy +
fr| =|-e3f3 -

-8fy -

R S e R

TABLE 3.0

fr

tr

c2f2
csfy

82f2

12f¢

mf2

nafy

= f{uc)

pitch pair

FORCE-TORQUE EQUATIONS

yav pair

roll pair

 SEVEN-NOZZLE ROCKET CONFIGURATION

main thruster

83f3 + 84f, + s87fy

+

- esfs
- ssfs
+ wfy
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pounds force range, for all escape cases studied. The maln thruster level,

f7, ranged hetween 3000 and 8500 pounds force, and the main thruster plitch

glmbal angle remalns within a 25 degree cone.

It is quite evident that the type of configuration described in this
subsection is representative of a very efficient design, from a control

point of view. See also Appendix B.

3.3 Detailed Description of Requirements.

In this section, we will discuss the control system design
requirements. Subsection 3.3.1 defines flight conditions to be used as a
baseline, and Section 3.2.2 presents specifications which bound allowable
variations in the state and control variables. Sectlion 3.3.3 describes
requirements related to disturbances in the dynamic environment, and

Section 3.3.4 discusses energy requirements for crew escape.

3.3.1 Flight Conditions for TVC Design. 1In this subsection, we

identify what shall be called the design point flight conditions. These
are defined as those conditions within the scope of the requirement of

MIL-S-9479B with the followng features:

(1) A minimum set of flight conditions which will lead to a corresponding
set of parameters for generating the reference accelerations. Each con-
dition is to have a set of gains which can be used in the neighborhood of
that condition. The robust design of the controller permits this type of
use. A relatively small subset of pre-stored parameters would then be

valid over the entire escape envelope (Figure 3.6).
(2) Each flight condition itself is within the escape envelope.

(3) Aircraft altitude, attitude, airspeed and acceleration are the major
quantities specifying flight condition. Lesser parameters such as ambient
temperature, nature of terrain, weather (i.e., as it affects visibility),

etc, are not considered.

(4) Each flight condition selected will also consist of added aircraft

»
)
o'

acceleration subconditions: Gx = -4 and 2g, Gy = -2 and + 2g, G = -3 and
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+ 10g, and zero. These values represent extremes derived from project

requlrements.

Selectlon of flight conditions 1s dictated primarily by the nature of
the aerodynamics and rocket or catapult accelerations on the seat. There
is no doubt from the literature, and our EASIEST experience confirms this,
that the dynamic pressure (Q) environment imposes severe restrictions on
seat attitude, withln the escape envelope of Figure 3.6. Energy sources
must be sized, first, to deal with this problem; yet, they cannot be so
excessive In terms of their own acceleration capability, needed for high Q
conditions, that the radical value is violated at lower Q conditions,

These considerations are quantified below.

The reason that aero and thrust acceleratlons are so critical is that
they directly influence the physiological tolerance limits as quantified In
the acceleration radical. Flight conditions are chosen because of their
"worst case” on the radical, which 1s the major consideration over the
entire escape envelope. Escape altitude is the second major consideration.
There are some situations for which optimizing altitude is the most urgeat

requirement.

Achieving optimum altitude whlle meeting radical-imposed acceleration
limits is primarily a steering problem. The various adverse altitude con-
ditions specified in MIL-S-9479B (cf. paragraph 3.4.12) are each tech-
nically an escape condition; however, a steering law valid at -30 degrees
pitch angle will also work at ~60 degrees in pitch, as long as the sensors

are working, and able to distinguish attitudc.

These conslderations have led us to select three major crew escape

design point flight conditions for the initial control design phase:

(1) Low altitude, 687 KEAS. This condition emphasizes in the extreme

both the dynamic pressure and altitude constralnts. Our numerical studies
(see Section 3.3) done to date show that greater thrust capability than is
currently available on ACES II would be needed by a similarly configured
seat. Most of this capacity Is required to Ilmprove the radical by means of

offsetting the aerodynamic decelerations, but capcity beyond this is a
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i necessity, because steering control for maximum altitude 18 so critical at Ry
) R
N this condition., Sufficient capacity to clear aircraft extremities at these i~
, Yy
§' conditions 1s required also. It is felt that current systems have this b
A
minimal capability. Three-axls attitude control is a very important control E!
:} deslgn criterion, since accelerations must be maintained along the seat
t: roll axis. This condition 1s seen as the major challenge for concept v
: .o
f, feasihility. 1In Section 3.3 some quantitative requirements are presented. :ﬁ
' ¥
f¢ (2) Low altitude, low speed (0/0). As stated above, the capacity of . ﬁf
-» the energy sources which 1s needed for condition (1) becomes a potential “;
RS .
- liability at this condition, because the capacity tends to be excessive L:'
¥ when not counteracted by aerodynamic forces. Except for the critical need ;-
.. to optimize altitude, this condition is thus a wholly different one from ﬁ'
: (1), and almost certainly the control motions will be different. Steering },
Ll
rather than attitnde control per se is the predominant control design con- o
slderation. However, sufficlent attitude control to implement the steering 4
P
commands is required. Excessive capacity in the energy sources, coupled Hf
with aircraft accelerations, can lead to DRI excesses here, unless there is ti.
a thrust modulation capability. When this consideration is augmented by ﬁf
adverse attitude steering requirements (e.g., roll angle=180 degrees), it 2
N is evident that a truly effective design must have thrust magnitude control ;¢
- v
[ capability. "
L, N
N 8y
N (3) High altitude, 687 KEAS. The major steering problem at this -
o condition is avoidance of ailrcraft extremeties. The attitude control e
L~ v
~" requirements are otherwise as severe as those of condition (1). By o)
:: definition, the areodynamic forces on the seat are similar as the condition f;”
< (1) forces. Another difference at this attitude 1s in chute deployment 35
B sequencing., o
:; The remaining seven conditions are extracted directly from ﬁ?
- MT1.~S-94798 (Tahle 3.1): T
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TABLE 3.1 Low Level Escape Performance e
(from MIL-S-9479B)* R‘J
, A
. Ny
! Attitude Velocity Altitude Y
‘T (knots) (feet) I
W
Fore and aft Roll angle -
f{

.:_5.

(4) Level 60 120 Q** e

(5) Level 180 150 200 .

(6) Level 0 150 300%** E‘
(7) 60 down 0 200 500 )
(8) 130 down 0 450 500 R

i+ 4
" (9) 60 down 60 200 550 N N
. Py
(10) 45  down 180 250 600 R

[ NS

* Unless otherwlse specified, the cited conditions are at the &

. initiation of the escape sequence. N
. ** Impact occurs at instant of seat/aircraft separation. .;.
*kk 10,000 feet per minute sink rate. tf:

. 3
Our experience with the basic design and robustness attributes of the e

PO

. contoller indicates strongly that parameter selection for the cases above e
: almost certalinly will suffice when a "neighboring” set of parameters is fﬁ

W e

applied to a different escape condition. We were able to exploit this

robustness feature to great success during Task 4 activities of the

-" g

s
4
.

project, relating to real time breadboard simulations. For this activity,

.

.- -
e
f

AR

twenty new cases were provided by the Air Force for demonstration of the

‘e
i

controller (Chapter 7).

I N
o

3.3.2 Minlmum and Maximum State and Control Value Specifications. Ngi

Thls subsection reports on various numerical studies conducted in support i};

of Task 1 activity. The ACES II seat was used as the baseline seat model, g%'

and also for the most part a 95 percentile pilot. Some studles were also ;¥

- done with a 5 percentile pilot, since 5% high Q ejections represent the iji
: worst case load factor conditions. :E:
N e
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g Relatively simple models of ACES II have been used to date in this ~3

: effort to quantify control requirements. The accuracy of such models 1is t¢

\

N felt to be sufficient for this purpose. These models do not include tl
X3

components such as STAPAC (or DART), and utilize only basic functional

descriptions of the catapult, rocket, and drogue dynamics. The real .

y concern at this time Is not in tramslent behavior or higher order effects ?E
{ (although the actual control design process does consider these, given the %ﬂ
N nonlinear nature of the problem). ;t
! RN
;3 The major question dr2lt with here is: How much thrust control :;
a authority is required to stabilize the seat and at the same time maintain ;ﬁ:
’ the radical constraint? The approach has been to consider the free 95% ;f.
. ACES II seat/pllot in an airstream at varlous attitudes., The seat is .;}
E subjected to aero and/or drogue forces, generated by EASTEST. An offline ;;
. analysis program was developed to compute the rocket forces and moments Sﬁ
: required at each Iinitial condition, to satisfy the radical and offset the féé
y aero and drogue torques. "
= o
? Alrcraft acceleration fleld/maximum catapult acceleration. The fi‘
- catapult forces act primar{ly to effect the dynamic response index (DRI) of :?;
) the acceleation radical, given hy ;f
Yy
2 G \2 ¢ \2
Radical = (%%L) + (r;x—x) + (‘_)7%) < 1.0 (3.34)
k DRI is the dynamic response index, a measure of spinal compression Ei:
(MIL-5-84798). The limit on the DRI, DRIL, Is never more than 18g, and is s
: more commonly 16g. In Equation (3.34) Gx and Gy are load factor com- ‘éé
X ponents. Catapult acceleration can reach the vicinity of 12g, but this o
: value must also conslder the alrcraft maximum allowable Z acceleration, as ‘j
i shown below ji
; B
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~4 <G, <2 g's
~2< Gy <2 g's (3.35)
-3 <Gz;< 10 g's

Assuming that the Radical does equal 1.0, and that GxL=30» GyL=15, and that
DRI =16 (since the acceleration vector will be more than 5 degrees off of
the seat/pilot Z axis), then DRIy,u=15.71. If the aircraft has G =10g's,
then the controller must limit the additional load onto the man from the
catapult to approximately 5.61 g's. Obviously, the best approach is to
have the controller computing the Radical as the ejection is occurring, and
if it appears that the future estimated DRI value will exceed the 1limit,
the controller must vent the catapult or otherwise control the maximum
acceleration imposed on the pilot. On the other hand, the time to catapult
separation increases. Thus, the effect of aircraft acceleration in the X
and Y directions is to reduce the maximum catapult acceleration, mainly
because the DRIj, changes from 18 to 16 as the acceleration vector shifts
more than 5 degrees from the man's Z axls. The further reduction in DRI
from 16 to 15.71 as the aircraft X and Y accelerations go from zero to their
limits of -4 and *2 g's, is less than the standard deviation of measurement
of DRI (*1).

Once the seat/pilot 1s free of the aircraft, only the forces on the
seat/pilot itself are important. The aero forces on the seat/pilot are
estimated here by using the tables of aero coefficlents contained in White
(1974). The coefficients for a 15 degree pitch, and a Mach No. of 1.2,
are used for the maximum Q cases, Immediately after catapult separation.
For the maximum drogue deployment speed case, the coefficlents are for O
degree pitch and 0.9 Mach No., seat/pilot area (S) of 7 ft. , and a total
weight (W) of 415 lbs., are used as constants. This gives the value of
“qS/W"=27 g's, which is close to the Gy limit of 30 g's.

A simple curve fit was performed on the force coefficients, resulting

in the following relationshlp for force coefficients as a function of yaw

(Y):
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Cy = -1.0418 -~ 0.006355Y + 0.000263Y
Cy = +0.,0140 ~ 0.0346121Y + 0.000160Y (3.36)
C, = -0.1480 + 0.001770Y - 0.000026Y

With these relations, plus the values GXL=30’ GyL=15, and GzL= 16,
replacing DRI as a steady state approximation, we can Investigate maximum
allowable yaw angle at a 1600 Q ejection, first without rockets or drogue.
(This result is expanded on later in this section.) The Radical value for
zero yaw is a large 0.97. The yaw angle which produces a Radical value of
1.0 is 3.33 degrees. Thus, very little sideslip can be tolerated before
the rocket(s) are ignited.

For the maximum sideslip at emergence, the rocket on and no drogue
case, the nominal rocket(s) assumed here have a -Z thrust of 3536 1bs., or
8.52 g's, and a +X thrust of 3,000 1lbs., or 7.23 g's. This corresponds
closely to the current ACES II and the Stencel SIIIS ejection seats.
Thrust magnitude is about 4640 1b.

With the forward thrust counteracting the frontal aero force, and the
upward thrust counteracting the normally negative "11ft" of the seat/pilot,
the value of the Radical for zero yaw drops from 0.97 to 0.75. The yaw
angle which causes the Radical to equal 1.0 above increases from 3.33 to

10.7 degrees.

Consider now the problem of finding the maximum size drogue at
emergence, with rockets, still at 1600 Q. 1If the drogue is immediately
deployed, we are interested in the maximum size drogue that causes the

Radical to equal 1,0, with zero yaw and, say, 17 degree pitch.

Solving the Radical leads to an additional negative Gy of 6.45 g's and
an additional upward G, of 1.97 g's that can be tolerated. A drogue area
times drag coefficlent (CpS) of 1.75 ft. would add these accelerations to
the seat. Thus, only a very small drogue can he used as an Immediate
drogue at maximum Q, which 1s not practical. Consider now the speed limit
for deployment of fixed CpS drogue = 5 ft. , with rockets. Assuming that

the controller pitches the seat/pilot forward to zero pitch (in order to

50
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minimize the Radical) and obtalns a zero yaw angle, and that the seat/pilot

slows to approximately 0.9 Mach No. (to use the 0.9 aero coefficients), the
maximum speed at which a 5 ft. "CDS" drogue can be deployed is 600 KEAS
while the rocket(s) are still thrusting.

This small study highlights the critical requirement for the TVC
controller to maintaln attitude of the seat/pllot very close to the x—-axis
at 1600 Q. 1In addition, the role of the catapult and sustainer thrusters
is reducing overall load factor (hence, the radical), by offsetting the

aero and drogue effects, is very evident.

This study was expanded upon with the aid of EASIEST runs using the
ACES 1I free seat/pilot combination at 1600 Q, without drogue or rockets.
In thls case, only the aero forces are computed. This was done for one
altitude, at several incremental values of yaw and pitch angles (to the
wind). This set up allows for simple readjustment of forces on the seat
for either different altitude and/or different airspeed. For the former,
the aero forces scale by air density ratios, (p2/p1), if airspeed is fixed,
and changing the velocity at fixed altitude scales the aero forces and

torques by (Va/V}) .

For the sake of sizing the thrust requirements, a relatively simple

"static" approach was used. Where the load factor, given by

LF = —[fA + €0 + £T] / wt + [(wxrCC) + (wx(wxrCG)) ~g]/GRAV (3.37)

(from EASTEST code), exceeds 1.0 for fI = 0, the vector is gilven a value
which scales LF down enough for the radical to equal 1.0. It turns out that
this option results in the old LF, the new LF , and £T lying in the same
direction. This 1is actually overly restrictive because the radical
condition (3.34) plots as an ellipsold in load-factor space, and LF can be
at any polnt on or within this ellipsold, not necessarily at the

penetration point of LF, to satisfy the radical. When this consideration

is combined with the desire to utilize fT to generate corrective torques to

the aero torques, the restrictiveness of the algorithm used is evident.

However, a constralned optimizatlon solution, albeit static, is required to
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properly position and slze fI. Nevertheless, some very useful infor-

mation can be obtained with the simpler approach.

In addition to creating a "safe" acceleration environment, it is
possible to locate an appropriate moment arm for this fT, which will offset
the aerodynamic and drogue torques as well as generate a torque to correct

the seat/pilot attitude, as follows:

The desired torque will reorient the seat/pilot x—axis along the wind.
The x—axis is not a point of neutral stability, but does have the advantage
of being the minimum radical orientation for a very large acceleration
environment. For a given time to recovery, DT (we have chosen 0.05 and
0.10 sec), along with the correction rotation angle, the initial angular
acceleration can be computed, which leads to a "deslred” restoring torque,

TC. For the motion with respect to the CG, this is found from

To +wx(wxI) = TeXt = TA + TD + TT + TC - rC6 x (fA + £D) (3.38)
where
TA = current aero torque on seat/pilot, about SRP
TD = drogue torque on seat/pilot, about SRP
TT = thrust torque generated by rockets, about CG
TC = commanded (desired) recovery torque, about CG
fA = aerodynamic force on seat/pilot
fD = drogue force on seat/pilot
I = seat/pllot 1nertia moment, about CG

In Equation (3.38) the aero and drogue torques are converted to a CG
reference from the input SRP-referenced values. This 1s not an
inconsequential correction. The SRP-referenced pitching moment coefficient
at 1600 Q, zero angles of attack and sideslip, is 0.104. It becomes -0.150
with respect to the CG. Thus a pitch torque of 3415 foot-1lb. about the
SRP becomes -4947 foot-1lb. about the CG. This has been verified by
EASIEST simulations.

Table 3.2 summarizes the results of these runs. The captions are for
the most part self explanatory. A "Y" under the Drogue heading means that

a steady state drogue force 1s acting on the seat/pilot, along the wind
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axis line. R indicates the minimum moment arm length needed with the

thrust FT, to balance the aerodynamic and drogue torques, and to generate
TC.

We have used a "CDS"” factor of 5.0 for the drogue, so that its force
magnitude at 687 KEAS is 8000 pounds. The value in the table for the
Radical is the "no thrust” value. When the rocket generates a thrust of
the type Indicated, the Radical value becomes 1.0, for all cases. Clearly
there are several cases where FT could be oriented better, but we are only
using the Radical = 1.0 criterion here. 1In one case, velocity = 600 KEAS,
with no drogue force or alrcraft accelerations, FT need only be 1579 pounds
to satisfy the Radical, yet this level of thrust needs a moment arm of 2.39
feet to correct the disturbance torques. Another point is that, when one
considers only satisfying Radical = 1.0, other problems arise. 1In the case
under discussion, the rocket is generating only 350 pounds along the z-

axis, and this is Inadequate for tail clearance at 600 KEAS.

These ACES II runs, mostly at 687 KEAS, support the observation made
earlier that drogue deployment must be delayed until about 600 KEAS, and
that yaw angle effects at high Q are very critical. Also, thrust
capability of the order of 9000 pounds is needed just to satisfy the
Radical at 687 KEAS, when the alrcraft is at all of its acceleration
limits., Although thls value will be revised downward by using optimum
design, there is little question that greater thrust capability will be
needed at high Q for safe crew escape. This analysis indicates that a net

thrust capability of up to 12,000 pounds for the ACES II is likely.

Finally, Table 3.3 presents the state and control constraint

formulations to be used in the optimal control synthesis process.

3.3.3 Disturbances. In this subsection, potentlal disturbances to

the seat/pllot system are identified and discussed.

In brief, disturbances are those phenomena which cannot be modeled
well in the expresslons for the control design system dynamics, or which
behave on the system in a random manner. A proper control design must

nevertheless be able to accommodate most of the disturbances likely to be
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TABLE 3.3
STATE, CONTROL AND DYNAMIC CONSTRAINTS

States: u
v ( see VKEAS constraint)
w
X unconstrained
y L1}
-50,000 ft. <z < 0. (h= -z)
¢ P Prim ' Plim " 800 deg/sec
q qm;nr 9 Uax ' Yyin * Yuax = 800 deg/sec
. ] < %) ’ :lim * 1000 deg/sec
f ' -

. 1 (G 7 180%) 7 llim 180 degrees
) . h ' o 8 are missing gpeed
7 'm;n( 7 "nax 2in® “max dependent ¢ 5P
v el o© Y1 im ’ wlin s missing speed dependent
. {
q lq T 9q
D D Dlhm
r fr |< r

4 D D Dlim

( drogue A . .- < A
variables ) D Dmin D Dmax
"D AT T
Dynamic Constraints
< 687.

vKEAS
Radical <1.0

( avoid A/C wing tips, tail, etc. )

* i i
Controls: D ASLTE ALY )
AL LL LS min max
( catapult )T, T T < T
min max
' ":‘, | « [' I
i 1 1{ v ' wil vi
max max
( nozzle a A< oa s le <3
angles ) i 1 lhax 1L Lnax

< N M e e e et T P e e e T e e
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encountered by the system. In order to simulate disturbances for control
design and verification, they are divided into two classes, statle and
dynamic. Statlc disturbances represent (unknown) dlfferences between
actual and modeled parameter values which remain essentlally fixed during
an escape trajectory. They can also be modeled with drlft rates. The bias
value and drift rate, if any, can be modeled as random values with given
statistics. Dynamic disturbances are random functions in time. It is
usually most convenient to model these as pure or filtered white nolse of a

given power.

Static disturbances. The seat/pllot TVC system must be designed to

control disturbances arising from variations in seat/pllot welght, moment
of iInertia, and center of gravity migration. The required ranges for this
variation are expressed in terms of median pllot welght; the control system
must work for pilots in the 5 - 95 percentile range. The control system
will adjust to such disturbances automatically, due to its closed loop
nature. Mass/inertia properties are definitely a design factor; however,
they will not appear as specific control parameters in a given implemen-
tation, That 1is, the pilot will not be required to dial his weight, for
example, prior to a mission, nor will there be real-~time computation or
measurement of mass/inertia properties. The extremes of the mass/inertia
variations will be used in the design process In order to size control
system components, but not as real time inputs. The effect of mass/Inertla

variations will appear implicitly in the control laws derived.

During preliminary design studies and control synthesis, fixed offset
values can be assigned to welght, Inertia and CG values. More complete

analyses will include dynamic varlations In these quantities.

Because the aerodynamic forces and torques are the major concern for
the escape control system, aero disturbances must be modeled adequately in
the environmental model to ensure robust controller design. In much the
same manner as the mass/Inertla related variables, quantities such as the
seat/pilot aerodynamic frontal area and the center of pressure locatlon
(fore and aft, as well as sldeways) are to be used In the design, hut not

explicitly in implementation. Other disturbance quantitles relating to the
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aerodynamic environment are the main atmospherlc variables: pressure,
temperature and altitude. Of these, altitude exhibits uncertainties
through its measurement., Altitude sensors and thelr performance are
discussed in Section 5.5. For other reasons, e.g., steering control, good

knowledge of altitude is important for effective control system operation

throughout the flight envelope. Disturbance offsets of low altitude values

will be used for robustness and verification studies of the control system.

Temperature and pressure are important influences on the performance
of the various pyrotechnic devices. Thelr direct effect on aerodynamic
response, as disturbances, 18 not as critical, although this will also be
studied using simulations with the controller design. Energy performance

of the sustainer propulsive system can vary up to 50% over the projected

operational temperature range of about -60 F to 140 F. This information,

if known to the controller, can greatly reduce undesired uncertainty.

Finally, there are important static disturbances which affect rocket

performance. These include thrust asymmetries and varlations In burn time

and thrust profile. The control design must accommodate this type of

disturbance, without explicitly using them In the control law. tﬁ}

oo

t:_'\ L]

Dynamic disturbances. Most of the quantities defined above exhibit -

L] ()

both static and dynamic disturbance properties. The CG may be offset sta- ';:}

tically for a number of reasons, but in all cases, it will migrate with SOsh

respect to the seat frame throughout the escape trajectory. We have con- ::3'

ducted a somewhat limited study of a dynamic single mass model of the pilot SE}

moving with respect to the seat. See Section 6.5. While the control ki;

system must include energy sources of sufficient size to control the CG f-f
migration, it will be design-limited to the basic 5 - 95 % values, plus ?59

SN

sideways offsets up two inches. Side forces due to asymmetric thrusting, oy

LN

as well as angular rates, cause even a well-harnessed pllot to move arms, Rak

legs and/or torso, in response to nominal and off-nominal accelerations. ;j‘

Such disturbances were only lmpliclitly modeled for the current control '{}

%

: design effort. {5:
Al ,\::\
Sa

Asymmetries arising from the position of legs, arms, etc., are .@

¥ relatively minor in terms of effect on CG location; however, they have a ffﬁ
” o
y LS
Vet
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very large effect on the aerodynamic forces. Thus, these disturbances must

)
iﬁ be a factor in the control design. Another polnt to make Is that CG shifts
ii have a noticeable effect on moment and product of inertia values,
' especlally the latter. Aerodynamic dlsturbances affect motion In all three
; dimensions. They are due to asymmetrlic posltioning of hand/arm, knee/leg,
3 or even seat asymmetries. 1In addition, a heavy pillot tends to contribute
%: upper torso asymmetries, and the whole body of a light pllot is subject to .
asymmetric disturbances., Other major aerodynamic disturbances arise from
& vortex shedding and turbulance about the seat. Vortex shedding occurs )
é mostly off the rear of the seat, but also from all protusions. Turbulance
; arises from many causes, not the least of which are those related to
airflow about the open cockpit area of an aircraft at a disabled attitude.
i It is necessary to conduct a complete design which will work in the
; presence of all disturbances cited above. The static disturbances are
- generally easy to model in the 6 DOF slimulator, but this 1s not always the
‘ case for the dynamic disturbances. Many of the realtive seat/pllot motions
: are simulated in EASIEST; it will be necessary to construct appropriate
;i. EASIEST turbulence and wind gust components.
.
The remaining source of uncertainty 1n the control design process lis
i in the area of measurement sensor disturbances. Their attributes are
- discussed in Section 5.1. We mention here that the attributes of interest
2 to ejection seat TVC design Include accelerometer noise due to sensor
- start-up, vibrational noise from the rocket, and modal Interaction with the
; seat structure. The rate gyros have a major source of error due to
; precession in an acceleration field.
g Appendix E presents the outllne for an algorithmic means of dealing
- with process disturbances.
k 3.3.4 Crew Escape Energy Requirements. In this subsection, thrust i:ﬁ
d energy requirements needed for safe ejection at all conditions are L
- discussed. For this project, the control system must ensure pilot survival ;iﬁ
. from sea level to 50,000 feet altitude, and from zero ground gpeed (at low ¢ﬁ
N altitudes) to velocities equivalent to 1600 Q (“pounds per square foot") EE
: %
& 58 ié
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dynamlc pressure, or 687 KEAS (Figure 3.6). The control logic presented

later in this report has been used in the following numerical study.

In order to perform the analysis required, 1t was necessary to develop
a working simulation model of a representative rocket nozzle configuration.
Such a module converts the rocket angular and translational commands into
specific thrust magnitudes and orientatlions for each nozzle (motor)
assembly. This "inverslon” problem 1s a key aspect of acceleration control

design.

High Q escape conditions have a direct bearing on energy requirements,
but there are also conditions at lower speeds which must be considered.
For this reason, several MIL-S baseline conditions are used in quantifying

thrust energy requirements.

3.3.4.1 Energy Requirements and MIL-S Escape Conditions. As stated

above, the main driver for determining required thrust energy is the high Q
escape region. This manlifests itself both in attitude and steering control
requirements. At high speeds, aerodynamic deceleration is so severe that
several fatal scenarios may develop: the seat can be blown Into the
vertical stabillzer(s) or some otherpart of the ailrcraft; the seat
attlitude or the size of the aero-induced g forces can be such that the
acceleration environment 1s not survivable (loads of approximately 30 g's
short duration can be tolerated, but only if pointed normal to the pilot's
chest; spinal or lateral load factor tolerance is much less, about one
half); and, the aero forces acting on the seat cause unstable attitude
behavior, which at best jeopardizes steering control (e.g., altitude galn),

and at worst can convert a survivable attitude Into a fatal one.

The controller developed by SSI is well suited for meeting control
objectives and for performing in this harsh environment. This 1s because
It operates directly on acceleratlons: force and torque accelerations are
its primary commanded outputs. An Input quantity, the deslired flnal

acceleration, is also a key trajectory shaping parameter.

At high Q, energy requirements are dictated both by immediate issues

of survivability, and by the need to decelerate enough over the powered
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phase of the ejection so that the main chute is safely deployed. These .:
E constralnts dictate required propulsive impulse, and hence burn-time vki

limits. Dynamic pressure is a key "decision variable” in high Q escape.

That 1is, it is a key part of the controller logic.

WP

RN

One potential concern in low Q escapes 1s that the energy needed at

high Q can be fatally excessive at low speeds. Thrust modulation is a .

v H—" ‘,
e T

sound requirement for a design capable of operation over all regimes. The
low Q cases can establish a "floor" on energy requirements: enough -

vertical acceleration is still needed for alrcraft aviodance, and to orilent

bar o o an an e o o o o an gt

the seat properly for chute deployment. Variable catapult thrust is also R

needed so that smooth acceleration profiles obtaln at all times on the

ejectee. But there are also high energy requirements at low Q. This will }Q\
occur in many of the low altitude, adverse attitude cases such as are found E£'
in MIL-S-9479B. Our studies, discussed in thls chapter, indicate that, :*.g
while energy comparable to high Q cases may be needed at lower speeds, the i
upper extreme of energy requirements is still dictated by high Q ;&:
conditions. t;z
N

An important factor in the design of acceptable escape trajectories is ; ;:

the burn time of the sustalner rocket. See the Case 6 discussion. The h;i
reference run is shown in Figure 3.7, and had a duration of 250 msec. Ezé
FEFL
In all of the simulation results presented in this report time (t)=0 Qi;
corresponds to the instant of sustainer rocket ignlition. This point in ‘3‘:
time typically occurs after tip off, so that we are In effect also assuming Eﬁkl
that the motion begins in free stream air. Refer to the Glossary for a 523
definition of symbols. i
T

Figures 3.8 and 3.9 show the same run, except that burn times are 600 ig%
and 900 msec, respectively. In both cases, there is adequate attitude and 3&15
trajectory control for escape, although comparison of the original and - :;é;

these two results tends to favor a burn time close to 600 msec for this
condition. There s excess thrust capacity, no problem with the Radical
response, and reasonable thrust vectoring response. There is no question
In Figure 3.8 that pltch, roll and yaw are well controlled, and the angular

rates decay acceptably.
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The Figure 3.9 result shows that the extended burn time has induced
more oscillatory behavior in the attitude variables, even at the early
phase of the trajectory. A comparison of the roll plots in Figures 3.8 and
3.9 shows convincingly the nonlinear nature of the problem, since only the

burn time was changed in the two runs.

3.3.4.2 Rocket Sizing Analysis. The study conducted in this

subsection investigates the basic energy requirements for the escape
conditions discussed in Section 3.3.4, along with the low altitude, high Q
case originally presented in the Task 2 Interim Report (Figure 5.5). The
data were computed by taking the commanded rocket force and torque at each
control update time. The moment arm at each time was computed by dividing
the torque magnitude by the magnitude of the force vector component
perpendicular to the torque vector. Presented here are maximum values for
the quantities force and torque magnltude, and moment arm. These values do
not always occur siumultaneously, but they do tend to occur during about

the first third of the rocket burn.

The cases in Table 3.1 generate the following energy requirements:
for Condition 1, force = 2856 pounds, torque = 1597 ft-pounds, and moment
arm = 7 inches; for Condition 2, force = 4166 pounds, torque = 2774
ft-pounds, and moment arm = 22 inches; for condition 3, force = 4998
pounds, torque = 3228 ft-pounds, and moment arm = 14 inches; and for
Condition 4, force = 3029 pounds, torque = 1819 ft-pounds, and moment arm =
7.5 inches. Case 6 shows the highest energy demand of the seven MIL-S

cases.

The high Q ejection condition 1is more appropriate for sizing the upper
limits of the energy requirements, although inspection of adverse attitude
cases is necessary to determine energy needed to gain sufficient altitude,
as well as correct the attitude properly. For the high Q case presented as
Figure 5.5 of the Interim Report, there is a maximum force requirement of
11,488 pounds, torque = 4492 ft-pounds, and moment arm = 11.5 inches. This
has been improved with more detailed analysls of this condition, presented

below.
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Figure 3.10 shows the case in which there is no thrust magnitude

limiting. Except for possibly excessive energy requirements, however, the

results are very good. ZVEL, the body z-axis velocity component stays

large and negative, which means altitude galn. The decrease in ZVEL's

magnitude toward the end reflects control to the input desired final

acceleration, a quantity which can also be "optimized”. Similarly, XVEL

decelerates for a while, but also responds to a(tf). Plots of CG motion,

S Figure 3.10(b), show the altitude gain clearly, and the basically planar
‘ motion which Indicates that the controller is performing well. Attitude

4 rates, shown in Figure 3,10(c) in deg/sec, are also very good, except

perhaps for roll rate just before thrust cutoff. Roll angle 1s drifting a

bit, but is not too tightly controlled anyway at these values. Yaw is very

well controlled, which is critical at this speed, and the pitch response

) does not show quite enough control authority, although it has begun to

correct itself. Particularly interesting about this run is that the

2 controller gains were not greatly changed from those used in the low Q

r cases reported on earlier. Thus, a little more "tuning” of these gains,

- ¢ T

which are coanstant over a given run, as well as the nozzle and burn time

parameters, will certainly lead to improvements.

Rocket motor results are plotted for this run in Figures 3.10(e-g).

Y Nozzles 1 and 2 here are the "vernlers”, located off the pilot's shoulders

In this case, and sized for about 2000 pounds thrust capacity apiece (see

Figure 3.4). TMAGl and TMAG2 plots show that lesser amounts are used.

- Pitch and roll angles are defined for each nozzle. The pitch direction is

forward and back, and the roll 1s left-right. The plotted angles are

values with respect to a nominal orientation, in a positive rotation sense

in body axes. The nominal thrust direction for the verniers, nozzles 1 and

2, was arbitrarily set to be forward. Nozzle 3, located basically where

the current ACES 11 nozzle 1is, but sized at about twice the energy, has e

pitch vectoring only. 1Its nominal direction is such that a pitch torque is [

generated which offsets the aerodynamic torque at 1600 Q. This offset is HR
L%
W

varied via input data to the program, for all nozzles, as well as their

U R W AN

locations, nominal magnltudes, and thrust limits.

The verniers are now conceived as being basically fast responding,

RCI-type thrusters, which can change thrust very fast in nearly all
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directions. Rocket 3 can be considered to have a gimballed nozzle, whose
cone angle is limited to about 30 degrees.

Summarizing, the controller module issues commanded (net) rocket force
and torque vectors, (frc, trc). These are plotted in Figure 3.10(h,i) for
this case. The actuator module converts (frc, trc) into nozzle angles and
thrust magnitudes for a given configuration, e.g., Figures 4(e-g). There

are 8 such quantities 1In this configuration, which become elements of the

control vector, uc. System dynamics are a nonlinear function of uc.
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CHAPTER 4

PR

TASK 2: CONTROL LOGIC DESIGN

~

The main objective of Task 2 is to demonstrate the feasibility of

(ot

vectored thrust control for the ejection seat by synthesizing a control

- -
-~

methodology. The highly nonlinear and variable dynamics of the ejection

‘-"

seat, enlarged flight envelope and the lack of previous experience in
. applying the vectored thrust control concept to ejection seat makes the

» feasibility demonstration a challenging and key problem,

A A review of a large number of control concepts by SSI revealed the

fact that majority of the control design schemes cannot be applied directly

to the ejection seat problem (Section 4.2). The highly nonlinear dynamics

and short trajectory duration rule out the possibility of using purely

2 linear design techniques such as LQG, frequency domain, pole placement,
etc. It was realized that nonlinear reference trajectory methods, both

real time and off~line optimal, need to be employed to determine

D)
Sl r

feasibility under extreme ejection conditions such as high Q (dynamic

NN

pressure) and adverse attitude ejections. Therefore, a large part of the
Task 2 effort was devoted to solving for optimal trajectories using ESOP
(Ejection Seat Optimization Program). Then the issues of robustness and

on-line implementation of optimal solutions were addressed. The results

Rl W P

obtained (Volume II, Chapter 7) demonstrate the practicality of the
vectored thrust control concept. Based on these results, one can assert
with great confidence that an integrated design approach is capable of

: meeting all the specifications using near-term state-of-the-art hardware

j technologies.

In presenting the control law design, this chapter is broken into
three main sections. Section 4.1 describes the special features and
problems associated with control of ejection seats. Section 4.2 reviews
candidate control approaches, and Sectlon 4.3 describes in detail

predictive acceleratfon control, the selected approach.

2 3P 0 A ¢ 4
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4.1 Unlque Features, Problems In Ejection Seat Control. i
o
There are many design issues which relate to vectored thrust control {g;

of ejection seats which must be addressed before the design can be -
finallzed., For example, it is necessary to assimilate data on hardware Egig
components, model these into the system, and “"fine tune” the controller. Q§:#
Other detalls relating to reliability issues, redundancy management and :5$ﬁ
fault tolerance must be addressed by follow-on projects. o
We have focused on control of the seat/pilot system once the rocket ;fig
thrusters are on and it is free of the rails. The total control system :::2[

must also address the catapult phase of the ejection - the portlon of the
trajectory from catapult ignition to rall separation. It is during this
time that the system, fully activated, must sequence sensor start-up,
detect the flight condition, establish the sequence for catapult operation,
chute deployment, etc., set nominal thrust levels both for the rocket(s)
and catapult(s), and compute/select the appropriate reference optimal

trajectory.

As the sensors come on line (this must happen within 0.08 to 0.10
seconds after catapult ignition), they must provide relevant information
from the environment so that the rocket nozzles can be gimballed (or

appropriate RCS nozzles selected) to the proper settings for the escape

condition. In this way, the system would be optimally configured to handle

its environment once totally free of the ralls. Sensor information will {jﬁi'
also be used to modulate the catapult thrust level, as required by the ;ﬁ;j
given condition. Closely related to these design Issues is the effect of i;ig
sensor noise on overall system performance. Sufficiently accurate, f%f4

reliable sensors may result in a simpler design, with less need for Co

redundancy and/or real time estimation,

When all but the last set of rail blocks are free, the seat/pilot
system has a degree of freedom in pitch. The rocket should be on by this

time, providing the required forces and restoring torques.

Event sequencing will be controlled from the microprocessor, alded by

a clock and sensor input, There likely will be more than one sample rate,




the rates ranging from 50 Hz to as much as 500 Hz, With the capability for
extremely high rates being generated, it is vital that allasing bhe avolded.
Control rates are thus an important design Issue. The attitude control
loop is the most critical; the system presented here does not require that
the desired attitude at any instant be attained in order to issue
appropriate steering commands. Control activity is decoupled, but it is
recognized that the basic problem is a highly coupled 6 DOF problem. This
is to say, for example, that success In attitude control has direct bearing

on effectiveness of steering control.

4.1.1 Development of Control Design Methodology. In this chapter, we

present the overall vectored thrust control requirements for crew escape,
as well as the design methodology which we feel is most appropriate for
developing an effective and efficient control system. The control
requirements presented here are, in effect, qualitative control system

specifications.,

The control design approach must reflect the realities of the plant
which is to be controlled. 1In the case of a detached ejection seat with
crewperson (“"seat/pilot”) system, the extreme conditiouns of altitude,
airspeed, and orientation can combine to pose a severely constralned
optimization problem. 1In addition, it is a problem which does not readily
lend itself to classic, or even classic/optimal design techniques, because
In addition to the above constralnts, the seat/pilot system in an airflow
is highly nonlinear. The dynamic nonlinearity 1s further enhanced by
nonlinearities due to energy source fuel consumption (mass change effect),
and "discrete” mass changes due to deployment of various devices during the

ejection sequence.

For these reasons, and they have been confirmed over the past few
months by simulations and discussions with seat designers, the standard
linear quadratic regulator (LQR) approach by itself is felt to be overly
inadequate for this job , even assuming that it can be implemented at all,
Our approach is, in summary, to use powerful techniques based on nonlinear
acceleration control whose features are geared more appropriately to this

type of control problem. The idea Is to run several detailed off-l1lne
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solutions for optimal escape trajectories, the appropriate one of which
could then be retrieved from storage and implemented in real time with
linear perturbation optimal control augmentation;or, to generate suboptimal
"on-line” trajectorles, using sets of key pre~stored parameters to shape

them depending on the condition.

4.2 Review of Candidate Control Synthesis Techniques.

Although we feel that the primary approach presented in thls report is
very capable of working efficiently throughout the MIL-S-9479 “"escape
envelope”, it is also important to investigate other methodologies which
offer potential for useful application instead of, or in conjunction with,
the method presented. Such a survey has become increasingly more important
as interest has grown in this project; however, a comprehensive effort in
this direction is beyond the scope of the current effort. We do propose,
however, to look closely at the more promising of the alternative
approaches, and consider seriously thelir role as part of the overall

design.

The common requirements which any method under consideration must have
are: (1) an ability to work in a dynamic environment which is at best
poorly modeled by an LTI (linear time-invariant) system; (2) predictive
ability; (3) amenability to real time implementation; and (4) ability to
adapt well in the presence of unanticipated disturbances, poor initial

conditions, etc.

These requirements eliminate many of the standard classical and
optimal design methods, and make quite difficult, if not impossible, the
application of standard optimal control synthesis methods such as LQG
(linear quadratic gaussian). The search focuses, then, to those methods
capable of multivariable synthesis of systems whose system (Jacobian)
matrix elements vary widely over the flight regime. Section 4.2.3

discusses briefly an appealing method of this type.

An inspection of escape trajectories reveals why standard linear
control synthesis techniques would not be adequate for this problem.

Uncontrolled trajectories show significant variation in the system Jacobian
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<
matrix elements even over periods as small as 0.0l seconds, as seen in :,N
Figure 4.1, where the system matrix is compared at t=0.0 (Figure 4.1a) and :;:'
t=0.1 seconds (Figure 4.1b). There is improvement when the trajectory is E&E
"controlled"”, as seen in Figure 4.2, but robustness Is always a concern =
with such designs. :~f

o7

A
ty

4.2.1 LQR Design. The purpose of LQR design Is to stabilize the seat

around a nominal trajectory using vernier rocket thrust via feedback from

e

sensed angular rates, attitude, accelerations, etc., for disturbance

.
»

rejection and pilot load minimization. LQR design is based on the j;
linearized models developed in Section 3.2 and a performance index based on e
the minimization of deviations from the nominal trajectory. LQR designs \
can be computed using OPTSYS III software described in section 4.3.3. The
purpose of LQR deslign is to place all the poles of the system in the
left~-half plane for different flight conditions to achieve stability and
robustness. This would most likely require time varying gains which will
be computed off-line and stored In the microprocessor memory for online

retrieval.

The LQR design process begins with the deterministic first order
linear constant coefficient set of equations, (A.2), which are rewritten

here in compact form

X = AX + Bu ([4-1)

Disturbance and other random effects are modeled by adding to Equation
(4.1) process noise terms of the form I'w where w is a vector of random
variables with quantifiable statistics, and T {s an appropriate constant

matrix. Continuous or sampled measurement equations of the form

y(t) = Cx(t) + v (4.2)

complete the dynamic representation of the system (v is measurement noise.

See Appendix F for a treatment of estimating x in the presence of w and v). el

In our application, the LQR optimization process would be done about a

reference optimal solution, (x,u), generated off-1ine by means of a Ll
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nonllnear programming technique such as ESOP (Subsection 4.2.4). Equations
(A.2) are designed to be formulated about a general reference trajectory.

The cost function for the off-line nonlinear solution may be of the form

te
min  J = | [(Radical)2 + V7 xTqx + 12 uTRu] (4.3)
u to

where the event times ty and tp represent the initiation and termination,
respectively, of the sustainer rocket phase, and the acceleration radical
is given in Equation (3.34). Minimization of (4.3) Is done subject to

equality and inequality constraints of the form

(Equality) g(X,U) = 0. (4.4)
(Inequality) h(X,U) < 0. (4.5)
Xg€ X <Xy (4.6)
Ug< U <uy, (4.7)

where X is the string of state variables at each sample time, i.e,
[x0>X1ss:%xy], and U is similar for the control vectors. The equality
constralants (4.4) are the dynamic equations (A.1), and the Inequality
constraints quantify requirements such as altitude, seat—-aircraft
separation and TVC constralnts. These constraints are presented in Section
3.3. Subscripts in Equations (4.6) and (4.7) refer to appropriate lower

and upper bounds for state and control variables.

The cost function is itself a function of the spinal compression
deflection and rate, as given in the DRI expression in MIL-S-~9479B, and
also of the seat/pilot load factors, Equations (A.1), and finally, of

specific, condition-dependent state and control quadratic elements.,

The LQR cost and constralnts are obtained by linearization of
Equations (4.3 to 4.7) around the off-line-generated optimal solutions
using the ESOP approach. The LQR phase in the design process effectively
closes the loop, so that control is stable in the presence of process and

measurement disturbances for a specific escape trajectory.

At et et s e e e T e Y e Tt et Yt

" - S < ~-' - .
P - - ‘. te . . - - - . . -

- ” - - - . - - « et a b . "o .. e T e -t .t

ediedetndetdng dntednmnitedetedee i din ol S A e S o o A 2




A major object of the LQR design is that it ensure a stable closed
loop system for the combined MAC-MINOS based outer loop control to operate
on. One technique for assuming stability is left half plane pole placement
which can be achieved by minimizing a quadratic cost function which goes to
zero when the eigenvalues of the closed loop system are at the desired
stable locations., The technique reduces to the solution of an n(n-m) th
order linear algebraic system, where n is the state dimension, and m is the

control variable dimension.

Linear Operating Points. The very nonlinear nature of the seat/pilot

dynamic system requires great care whenever linearization assumptions are
made.
(A.2).

or not (although the latter will work only for a brief time interval).

We have therefore presented a very general set of linear equations
These are designed to be used about any nominal trajectory, stable
It
is necessary, however, to choose carefully the points along a given
trajectory where linearization makes most sense. From our experience, a
single linearization will not suffice over a given trajectory.
Fortunately, EASIEST or the SSI-developed control design software can

perform numerical system linearization at any desired point(s).

4.2.2 Model Algorithmic Control (MAC) Design. It is possible to

consider a MAC design approach for modulating the main thrust on-line to
keep the seat on the preselected optimal trajectory while minimizing pilot
acceleration loads.
al. (1980) and consists of predicting the future motions of the system and
In

taking corrective actions to keep all the constraints satisfied.

essence, the MAC approach implements the trajectory optimization procedure
on-line to compensate for

MAC design

stochastic deviations from the open loop optimal
trajectories.
to LQR since hard constraints on states and controls have to be kept

satisfied.

The following description is intended to provide background
information on the MAC philosophy. With this information, it can be seen
how critical MAC concepts relate to the crew escape control logic design

actually developed. 1In particular, ideas common both to MAC and

98

N TP NN

e R .
q'_.:ﬁ-'.’ -)A'." R A LA L)

PR W V. W

The MAC design approach has been described in Mehra et

is more appropriate for this application compared
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acceleration control include: (i) internal model of the system; (ii)
hierarchical structure; and (ili) use of reference trajectories. The main
features and philosophy of MAC are discussed. Next, MAC implementation and
algorithms are outlined. A fairly complete bibliography is included for

further information.

Historical Overview. Model Algorithmic Control was first conceived by

Adersa/ Gerbios in the late 1960's. (Richalet and Gimoret 1968, Lecamus
and Richalet 196#&; Richalet, Lecamus and Hummel 1970; Richalet, Rault,
Pouliquen 1971). The method was subsequently developed and applied
successfully to several industrial processes Involving multivariable plant
dynamics. With ihe growth of digital technology in the 70's and
particularly the availability of powerful microprocessors with large
memories, the application of MAC to lIndustrial processes became more
practical and economical. For instance, in the past five years, MAC has
been successfully used for Aircraft Flight Control (Rault et al., 1975),
Superheater Control (Testud 1977), On-Line Control of Steam Generator
(Lecrique et al. 1978), European Transonic Wind Tunnel Control (Mereau and
Littman, 1978), F-100 Jet Engine Multivariable Control (Mehra et al. 1977),
Adaptive Flight Control (Mehra et al. 1978) and Electric Plant Control
(Mehra et al. (1980)). Recently attention has also been focused on
theoretical properties of MAC to gain a better understanding for design
purposes. These theoretical results are reported in Richalet et al.
(1978), Mehra et al. (1979), Praly (1979), Mehra et al. (1980), Mehra and
Rouhani (1980) and Reid et al. (1980).

Basic Principles of Model Algorithmic Control (MAC). The MAC strategy

relies on the following four features: (i) internal model of the system;
(ii) hierarchical decomposition; (iil) reference trajectory and output

constraints; and (iv) control trajectory computation.

Internal Model of the System. The multivariable system to be

controlled is represented by a mathematical model in time-domain of the
input-output type (see Figure 4.3). For linear systems, the model may be
of the Impulse response type, a representation which has certain distinct

advantages over the state space representation or the transfer function
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A
) representation for multivariable control. For nonlinear systems, both the ?#
: state space and the Input-output representations have certain advantages 5.;
and disadvantages. 1In applications, one may use elther or both depending Wy
upon the nature of nonllnearitles and the complexity of the resulting !;i
X controller. The purpose of the Internal model is to have a flexible ;i}
i representation of the controlled system stored in the computer memory, |t|
. which can be updated as the system changes and which can be used at any ~:
i . instant to predict the future behavior of the system under different ;;;1
control inputs. The internal model of the system is used to compute as
. optimal inputs, to detect process changes, sensor malfunctions and severe :&:
faults. The Inputs and current output of the internal model are updated o
. according to the actual observed values of these variables, but any large ;:;
2 difference between the computed and the actual values gives important clues &;;
\{ as to the malfunctioning of sensors and actuators. ;f:
S
" The internal model of the system 1s generally obtalned via off-line | 72
3 identification, using either a physical model structure when one is easily ;:;
& available or an input-—output representation model such as the impulse }ﬁ;
. response model, which may change with the operating point. Some form of o
1 on-line parameter identification may also be done in those cases where .
f large random variations of system parameters are expected. It has been fij
2 found from experience that the robustness of MAC is sufficient to take care &:f
- of small parameter changes. ::f
-
Reference Trajectory and Output Constraints. The desired response of ;::
the closed-loop system is specified in the form of a reference trajectory 'f?
j and constraints which are updated on-line using the actual output of the ?E
) system. It is possible to handle stale-dependent constraints in this ﬁ;g
j fashion and to eliminate the steady state offset error. It should be %iv
A noticed that the specification of reference trajectories and constraints {is ;;:
y much easler and natural than the specification of a scalar performance Ft
index. Typically, the requirements on controlled outputs are stated as "no f;b
¥ overshoot,” “"fast response,” "within maximum and minimum limits,” etc. E;.
; These requirements are difficult to express In a scalar quadratic kE.
. performance index, but they are easily converted into desired trajectories ifg
and constraints which can also be explained to the operators without any é
v difficulty. e
: i
¥ R
o Y
|3
; Lo1 7

LY O
‘\-v -

= " S S S LI .- N “ - '.-'..'.'.-'.'\'.'.:'-.’-‘.-
et Y '."'\' OIS DL SR



A

»,

Hs s P LA

TR R ]

PR RN «

(. l., 3

PO A Nl

e s s 8 8 » P

The concept of using reference trajectories is more general than
model-following. First, it may not be possible to represent a reference
trajectory by a simple model, and second, under sensor or actuator fault
conditions, one may have to relax the system requirements to control within
a band. Certain control problems such as water level control involving
inexact measurement of the water level are formulated more naturally as
band-control problems rather than model-following or scalar performance

index problems.

Control Trajectory Computation., Controls are computed, in general, .

for a number of future time points using an lterative optimization
technique which minimizes the distance between the desired reference
trajectory and output trajectory predicted by the internal model, while
keeping all the output, state and control constraints satisfied. The
complexity of the control algorithm is directly dependent on the structure
of the internal model, the number of inputs and outputs and the
constraints. For linear systems, the impulse response representation
results In a simple projection-type quadratic programming solution which
can be implemented quite fast in micro/mini-computers of the present
generation., The actual dimensionality of the state does not increase the
complexity of the algorithm as it would in a state vector representation.
In order for this approach to be feasible, a countable number (say, 50) of
impulse response delays must be stored. This implies that the plant to be
controlled should be stable, so that a finite representation of the impulse

response function is valid.

The MAC design approach has been found to be flexible and robust. It
is well sulited for the evolving microprocessor techanology providing high
speed memory and fast computation times for basic calculations such as
convolutions, The universality of the impulse response representation
leads to a unified design approach for systems of all orders. Furthermore,
the parameter-linearity of this representation leads to a duality between

identification and control,

The MAC is Implemented by a program called IDCOM. The special

features of IDCOM are: (i) no model order reduction is required since an
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impulse response representation is used. (ii) Input magnitude and rate
constraints are handled directly and exactly. (1iii) The control law is
time-varying and the closed loop response is robust to parameter changes.
(iv) Gain scheduling is replaced by on-line updating of the internal model
using operating data and parameter estimation techniques, thereby reducing
reliance on theoretical models of the system. (v) Same algorithm is used
for impulse response identification and for control law computationm,
thereby slmplifying the hardware requirements. (vi) Different sampling
rates can be used for controlling different outputs. (vii) The control

laws can be modified on-line in case of sensor failures or degraded system

performance.

IDCOM Implementation. A block diagram of IDCOM is shown iIn Figure

(4.4). As indicated in the figure, when a new measurement is made, it is
fed to two IDCOM modules which compute a reference trajectory and a "zero
output”™ prediction of the future outputs over a short horizon (for
optimization). The reference trajectory is usually a first-order
exponential drawn from the current (measured) output to a given set point.
The designer supplies a time constant (1)) for this exponential for each
output i, The "zero-input” prediction uses the past inputs, measurements,
and internal impulse-response model to predict the future outputs in the

absence of future control inputs.

These two trajectories (reference and zero-input prediction) are

differenced to obtain an error trajectory to be minimized by the future ﬁ:ﬂ;
controls. The control calculation block then performs this minimization in $§i§
one of several ways. Once an Input sequence has heen computed, the first e

input is applied to the plant, and the cycle starts again after the next i

measurement,

Similar Approaches., Some of the other modern control approaches which

are closer to MAC are Dynamic Matrix Control (Cutler et al. (1980) Model

Reference Adaptive (Landau (1974)) and Self Tuning Regulators (Astrom

s

e
a8
bttty

PN

(1980)). They are, however, not exactly slmilar since the specification of

A
o

models (reference, prediction, control) and algorithmic computations are

.
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done differently. Model Reference Adaptive (MRA) techniques try to reduce
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the error between the system output and the model output by using error 'f::
feedback. No computation of predictive controls is done and no reference :;;;
trajectories are specified. The extensions of these techniques to ;;:
nonlinear systems and to hierarchical levels of control are much more L
difficult both from a conceptual and an algorithmic viewpoint. !gf
Furthermore, by on-line adaptation of the internal model in MRA and STR the gﬁ?
ability to detect fallures is lost. The Dynamic Matrix Control approach is :‘
conceptually similar to MAC, but lacks proper use of reference trajectories ML
and internal models which are especially important for nonminimum phase ] ggi
systems. Similar problems exist with the use of other Inverse Control type ;;&
of methods (Meyer (1980)). ﬁ&{
4.2.3 Frequency Domain (Classlc) Methods. There are few methods !!i
known to us which are capable of being applied successfully to the ejection Ei;}
seat control problem. The work of Horowitz (see Horowitz et al, 1980 for a ﬂ%g
presentation of this approach and support literature) seems at this time to Sgi
offer the best hope as an alternative. This method works primarily in the A:j?
frequency domain and with linear representations, but combines the latter ~R§p

in a way which produces an LTI equivalent set to the nonlinear system beling

e
20Ty *y
e
o
e N

approximated. Elements of the LTI set are adjusted by compensation

v,

A

ke

(primarily forward loop) to operate within specified bounds over all

variations (of up to several orders of magnitude) in the system matrix T
elements. The equivalence has been demonstrated rigorously using ﬂJ:}
functional analysis, under not very restrictive assumptions on the system. DY
It is, then, a quantitative nonlinear technique, which does directly -;;‘
P-"l~-
address the “"plant ignorance” problem. It is thereby claimed to be very ﬁﬁ}
good at disturbance rejection, particularly the amplification of sensor i{?
el
nolse. N
The technlique 1s now briefly described. If w 1s a nonlinear plant or i}
element, an LTI-equivalent element p usually exists which, for a specific ,j
input x(t), matches the (assumed unique) output of w, y(t) (y(t) = o
[N
w(t;x(t))). p can be found via the Inverse Laplace transform of e
[Y(8)/X(s)] under the conditions that w has a unique inverse (which :zi:
excludes direct modeling of saturation dynamics), and that x and y are itjx
=3
Laplace transformable. An LTI set P equivalent to a set of nonlinear ﬂ:$‘
.
s
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plants W with respect to a given output y (t), can thus be generated. By
extension, a larger set P can then be found which is equivalent to W with
respect to a set of outputs Y (which can be selected to bound the allowable
response region). In general, the sets Y, W and P are uncountable., A
finite and countable subset of each which is developed from the system per-
formance bounds can usually be developed. The approach has been extended

to multivariable systems.

Adaptation or this approach to the ejection seat synthesis problem
would require great care, and quite possibly, strenuous effort beyond
available resources. The need to look at all combinations of extreme
values of elements of A, the system matrix, could lead to a prohibitively
high number of cases to be run in the available time. 1In addition, more
software would have to be developed or obtained, in order to perform this
design [n the multidimensional environment of the ejection seat system.
Because the approach has worked with nonlinear, high performance aircraft
systems, and possesses adaptive and robustness characteristics, it merits

cousideration.

Another approach with adaptive features and flight vehicle control
applications has been proposed by Porter (see, e.g., Porter and Bradshaw,
1982). The approach {s to use fast-sampling error-actuated digital
adaptive controllers. 1t is claimed that the controllers are simple to

implement and can track well over a wide flight envelope.

The fast-sampling feature of the adaptive controllers ls necessary to
remove major restrictions on the underlying synthesis technique that the
model be LTI and rather accurately known. 1In addition, singular
perturbation analysis is used to remove a restriction to "matchable”

plants.

The control law generates a control input vector u whlch causes the
ountput vector y to track any constant (over the sampliing interval) command
input veclor v so as to drive the difference (v(k) - y(k)) to zero, as

sample time k goes to (tracking condition). The singular perturbation

analysis generates specific conditions for stability. The technique uses a
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PID structure for loop closure, using, as we do, only proportional and
integral gains. The Integrator galn ls related to the proportional gain
via a positive real scalar, and the proportional galn is generated in real
time via an iterative process. It is shown that, as sample period T gues
to zero, the behavior of the adaptive system asymptotically approaches that
of the fixed structure discrete time tracking system at the asymptotic
limit. The accuracy of the system is thus directly and proportionally

related to the controller sample frequency.

This approach appears to have the necessary features required, but it
is unknown at this time if what it offers is sufficient for ejection seat
applications. Robustness ls a key concern, particularly in view of the
short duration of the seat control activity, vis-a-vis the asymptotic
accuracy requirement. The scheme seems to bhe very easy to Implement,

however.

There are other promising concepts and approaches, all covering

e - . v ®

multivariable control and offering robustness and sensitivity reduction. A
technique not yet well enough developed for this project but a very

promising one for eventual investigation Is the stable rational

factorization approach developed by Youla, Sain, MacFarlane, and

M. Vidyasagar. The latter Is a consultant to SSI. Multivariable
performance and robustness analysis for systems with structural uncertainty
is also dealt with in a series of papers by Doyle and Stein (see in
particular Doyle and Stein (1981) and Doyle et al (1982)). This theory, if
implemented, may offer a way to accomodate the serious objection to optimal
and even adaptive methods that they require accurate models, The main
drawback to all of the above approaches for ejection seat application are

assumptions of linear or linearizable dynamics.

stEEmT. e P 8 ¢ V.S, wmpm

4.2.4 Computation of Optimal Trajectories Using ESOP (Escape System

Optimization Program). This large scale nonlinear programming code has

been developed at Stanford University by Murtaugh and Saunders (1981) and

has been used by SS1 for solving optimization problems with over 2000

s 4 mEemmme 1w

constraints. We also used this code for obtaining eoptimal thrust vector

profiles for the ejection seat to keep all the flight and human tolerance
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constraints satisfied. We give a brief description of the algorithm in

this section.

The approach in uslng ESOP is to consider a general optimization

rt.
‘
|
.I
:E
!

problem, where the nonlinearity 1s separated from the linear part in the

following form:

Minimize F(x) + ¢ x +d vy (4.8)

such that

g(x) + Ay = by (4.9)

A2x + A3y = Db

g < [%} < u (4.10)
y
4

where x, y, ¢, u, d, by and by are vectors and A, A2, A3 are matrices of
consistent dimensions. F(x) ls a scalar function and g(x) Is a vector
valued nonlinear function. The vector ( x, y ) in (4.10) represents all
state and control variables over the flight trajectory at discrete time

points, That is, x 1s the string [xo(tn), %x1(t1),eee, xN(EN)].

The solutinn technique consists of solving a sequence of linearly
consirained subproblems ("major iterations™). At the start of each
iteration, the nonlinear constralnts are linearized and the objective
function is modified, actuallv augmented with a penalty term to prevent
large excursion of variables from the currear point. The subproblem is

then:

Minimize F(x) + ¢ x +d vy - * T(g=gy) + % (g-21) T(g-8K)
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where g (x) is the linear approximation to g(x) at x

Sr(x) = glx) + Jx (x = xy)

N

Jx = Jacobian of g(x) with respect to x at xy.

Ak is a multiplier vector corresponding to the nonlinear constraints

. g(x) and the scalar p is positive,

The above subproblem is linearly constrained with a nonlinear
objective function. A particular version of the Generalized Reduced
Gradient method is then developed which, for the sake of notational

simplicity, is formulated In terms of the following optimization problem

Minimize F(x) + ¢ x F : nonlinear, x, ce RN

» 5 e 'y

S Sets Ax = b A : mxn, x, b g RD

£ <x<u

The matrix A is divided in three hlocks corresponding to:

A= [B S N]

The mxm matrix B corresponds to basic varlables, as in the simplex method. e
The basic variables take values anywhere between the lower and upper S
bounds. The n-m remaining variables are divided into nonbasic (N) and

superhasic (S) variables. The nonbasic variables are always equal to one

of their bounds, but the superbasic variables can take values within thelir w7
7 hounds. The basic and nonbasic variables are eliminated and the problem . fiﬁ
E reduced to the optimizatlion over superhasic variahles only. 1In terms of e
: the matrix 7, the choice is: - X
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The reduced gradient is then computed as
v, = 2TvF(x)

and the optimizalion is done over ng superbasic variables. Once it appears

that no lImprovement can be achieved with the current set of superbasic

variables, one or more basic variables are selected to become superbasic

and the minimization is done with respect to the new set,

For large scale sparse problems, sparsity techniques are used both In

constructing the matrix Z, and in bypassing the computation of B~1° To
apply to the ejection seat trajectory optimization problem, the following

steps are taken:

(1) The ejection seat trajectory is divided into various segments and

equations of motion and constraints are specified as in Section 3.2.

(i1) The equations of motion are discretized based on the bandwidth of
control actuators which determine the rates at which the magnitude and

direction of thrust vector can be changed.

(iii) A performance index based on minimization of the radical over

the flight trajectory is specified.

(iv) The equations from steps (ii) and (ii{i) are expressed in the form

of Equations (4.8 to 4.10). Notice that vectors x and y consist of both

the state and the control variables over the trajectory and are, therefore,

of a fairly high dimension. For example, if a discretization step of 0.01 :;fi
sec. 1is used, then during the rocket burnling phase of approximately 0.3 . 55:
sec., there will be 30 values for all the states and controls, which would . ;:f
typically result in a vector {x,y] of dimenslion around 900. Since ESOP is E}EA
capable of handling such vectors of dimension 4000 to 5000, this would not ;iﬁ
cause any difficulty. Notice that ESOP allows for very general constraint dbi;

,-[,,:: -
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and performance Iindex specification (cf. Equations 4.8 to 4.10)) and
exploits effectively the sparsity in these constralnts. Since in an
optimal control problem, the equality constraints come from a set of
differential equations, the constraints (4.9) will have a triangular

structure.

ESOP can be used for a number of ejection conditions to cover the
complete flight envelope. The real-time, suboptimal, method of generating
reference accelerations continues to offer much promise as a rellable

scheme, in view of the excellent robustness of the basic design.

4,2.5 Other Related Programs (MPES).

Investigation into onboard, feedback conhtrollers for escape systems did
not originate with this project. 1In the late 1970's, the Naval Air Systems
Command initiated a program at the Naval Air Development Center to improve
aircrew escape safety and survivability (Arrone et al, 1981). This program
developed the Maximum Performance Ejection Seat concept, which demonstrated
advances in propulsion control, pilot restralnt technology, survival equip-
ment, and maintainability (Stone and Bishop, 1980). The baseline system
was the Martin-Baker GRU-7A ejection seat and its operation within the
F-14A aircraft. The program was contracted to Grumman Aerospace

Corporation, Bethpage, NY.

One of the key technologies related to automatic control of the seat
involved design and test of a vertical seeking capability. Incorporating
the vertical seeking technology into the GRU-7A seat required design of a
vectored thrust control system which could utilize the vertical seeking
function for the critically needed attitude refereance. Upgrading current
systems with such a:system offers dramatic Iimprovements in minimum altitude

performance capabilities.

The project which is the subject of this report represents an extension
of the MPES technology primarily in that multi-nozzled, thrust modulation
propulsion systems are utilized in the design. By doing so, a fully
integrated, comprehensive attitude and trajectory control scheme can be

mechanized. The MPES program consldered single and twin rocket systems,




but these have restricted flexibility in full 6 DOF applications. See
Section 3.2.2 for further details on single vs., multiple nozzle con-
figurations. See also Chapter 5 for a components trade analysis of the
micrad altitude sensor, which was utilized in MPES as the verticle seeking

sensor.

4.3 Acceleration Control.

This section presents a detailed description of the control concept
selected for the vectored thrust digital control law design for ejection
seats. It is a nonlinear, predictive, multivariable scheme which relies
heavily on translation and rotation accelerations, both for the quick
response properties and because of the acceleration constraints (e.g., the

acceleration radical) which are peculiar to the ejection seat problem.

4.3.1 Evolution of Design

The unique control requirements imposed by the crew escape mission
require a control structure uniquely suited to implement these require-
ments, After careful analysis, we have chosen a predictive, nonlinear,
multivariable scheme which we shall in this report call "acceleration
control”. This approach follows closely the work of Meyer and Cicolani
(1975), although certain modifications specific to ejection seat control
applications have been Implemented. The discussion in this section follows
that of the above reference. Thls section presents the rationale behind
the selection of the acceleration control approach, and describes the modi-

fications made for ejection seats.

Earlier sections have examined the basic control requirements and
other control approaches, and have presented their various shortcomings for
this application. Acceleration control has been selected for this problem

because its shortcomings are fewer by comparison with the other approaches.

Acceleration control works directly with nonlinear, multivariable
models. As we shall show, it can be made to work in rapid response

situations in real time, especially when the design Is hierarchical, and

can adjusl properly for a broad spectrum of escape conditions.
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Due to the recent technological explosion in practical sensing devices
and computational capacity, the designer is limited now primarily by the
available methodology for the design of automatic flight control systems,
and by the propulsion system hardware. The latter limitation is not a
direct focus of this report, although we recognize its critical role in the

overall control design effort.

In the area of control design methodology, the most severe limitation
of most existing design technliques 1is their extreme reliance on linear
perturbation models of the physical plant being controlled. Such models
are usually a key to whatever control design process is used. We have
demonstrated in this report the high degree of nonlinearity which is a
feature of the dynamics of open ejection seats. For schemes dependent on
linearization, a highly nonlinear plant leads to the requirement for many
perturbation models to cover the flight envelope adequately. Logic then
must be provided in the flight computer for switching the perturbation
control gains and reference controls as the seat leaves the domain of
validity of one perturbation and enters another, The result would be a
design that is complex both In concept and implementation so that analyses
of closed-loop sensitivity to modeling errors and subsystem failures are

exceedingly difficult and not very convincing.

Design techniques are needed of sufficient generality to be applicable
to a large set of escape conditions with nonlinear dynamics and multiple
controls. The techniques must be nearly algorithmic to allow for ready
adaptation to many alternative confligurations early in the design cycle.

Of great importance, these techniques must result in designs sufficiently
simple to achieve the critical reliability requirements for operational

escape systems.,

4.3.2 Features of the Final Design

The acceleration control concept is responsive to the above
requirements. The proposed loglc structure for the controller (Fig. 4.5)
consists of four major subsystems: (1) translational acceleration control;

(2) attitude control via tracking of angular acceleratlon trajectories;
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(3) trajectory perturbation controller which closes the loop around the

,; Inaccuraclies of the tracking control activities. The result is a '%
2 trajectory acceleration controller whose Input-output relation between KY
e commanded and actual acceleration 1s essentialy an ldentity-—-provided the ;
input is flyable and its bandwidth 1s suitably restricted; (4) the z
3 trajectory command generator develops translational and rotatiomnal é:
Y accelerations which are consistent with the capabilities of the overall &:
,E system (“achievable"” commands). ;
. The baslic input to the control logic is the trajectory to be followed !E
jj by the seat, from the time of complete departure from the cockpit of the . S&
: stricken aircraft, Prior to this time, the seat has been moving up 3;
- guiderails inside the aircraft, accelerated by a catapult device. During -
" this period, which lasts approximately 120 to 150 milliseconds, the control _Jl
‘ﬁ system should be in operation, turning on sensors, determining the escape ;:
‘i condition (speed, altitude, attitude), positioning the sustainer rocket S&
- system's control effectors, deciding on reliability of data from the %i
< aircraft alronics systems, selecting parameters and (if needed) reference .;f
'; trajectories appropriate to the escape condition; and conducting self- ;¥
;f examinations (e.g., built in test and evaluation -~ BITE) of its sub- i%
systems. gg
. Proportional plus Integral control in the error control loop provides E;.
- velocity and acceleration vectors to the control logic continuously, ;&:
:: Moreover, since ultimately the seat's motion is In inertial space (for this .
; problem, a flat nonrotating earth is an adequate inertlial reference), f'
: inertial vector quantitles are consldered as fundamental. As stated above, ::
ﬁ it is important that the control logic contalns a trajectory command ;t

.
Ay
7

. generator that synthesizes "flyable" trajectories -- that is, trajectories o
amenable to the capabilities and limitations of the full control system. ?ﬁ
; Because tracking accuracy in the usual sense ls not a tight tk
-i requirement for crew escape, beyond achieving attitudes for crewperson f}'
> survival and minimum discomfort/injury, a relatively simple seat/pilot iE;
. model may be used. TIncreasing accuracy requirements usually adds D
e
. complexity to the control logic, and with it extra computer operalions in N
& ey
. the duty cycle. o
° Lg
< %
. "
2
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The sustalner rocket configuration provides the thrust vectoring
capability needed to track the reference trajectories. Vectored thrust
refers both to magnitude and direction changes In the resultant rocket
thrust brought about by active control commands., Our control logic deslgn
and analysis quite naturally points to the need for a flexible,
fast-reacting configuration. The preferred means of realizing this appears
to be to locate several nozzles at the seat extremities for attitude or
“vernier” control, and retain a larger, main thruster roughly where current

rockets now are.

The "trim problem™ refers to the "inverse" operation of converting
the control logic output - rocket force and torque commands - into throttle
levels, gimbal angles, valve settings, etc., of each nozzle control device.
Each quantity is an element of the control vector, A complication to the
trim problem arises when the actuator configuration admits redundant
control, The trim problem is said to be overdetermined. This happens when
the dimension of the full control vector exceeds six, which is the number
of force and torque vector components to be realized. The “"trimmap” is the
section of the control logic in which the control redundancy is resolved
and commands are generated continuously. 1In practise, for overdetermined
problems this logic typically involves introduction of constraint and

optimization criteria to generate a unique command.

When the trim logic is adequately constructed, it provides a priori
open loop information to the full control system, relative to performance
limitations, Ideally, this reduces the role of the perturbation controller
to control of uncertainties in the dynamic model or environment. Thus,
there is again a tradeoff between accuracy of performance and logic

complexity (e.g., detail of models).

During the course of this project, we have analyzed two major thrust
actuation configurations. One, developed at SSI, consists of a main
thruster and two verniers with full vectoring capability. The main
thruster gimbals in pitch only. This configuration is “generic” in the
sense that its primary purpose is to allow study of the interaction of the

control logic outputs with dynamic control elements, in order to quantify
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i performance requirements of the latter. Less attention has been given to -

. o

P possible unrealistic or harmful gimbal orilentations which may arise in 5?

Lo \“

ey certain situations. See Section 3.2.2.3. gt
L

The second design, proposed by Martin Marietta (Section 3.2.2.4),

om

is more realistic, consisting of a total of seven nozzles, three pairs of 3

which are primarily dedicated to attitude control. Conslderations of a S

P a4 0 4 4
CA

proprietary nature prohibit us from explaining this concept in detall.

" However, the purpose for analyzing this configuration was primarily to L
.

o . <.
& investigate the effect of a more realistic configuration on the structure e
! of the control logic. -
A h‘ 3

- The perturbation controller acts in a closed loop manner to eliminate !%:
N acceleration and velocity departure, from the reference generated ;i;
; trajectories. This amounts to feedback control over details of the physical fgi
- process that are not accounted for in the open loop, feedforward trim ;%2

control either because they are unknown or because adding them would :’

- unnecessarily complicate the open loop control. Consider a nonlinear

system governed by the vector equation

x = f(x,u) (4.12)

where x is the n-dimensional state vector and u is the m~dimensional

AL

control vector., In addition consider that u is restricted to a set U which_ 5‘

could depend on x, but more typically 1s defined primarily by the rocket

o

configuration and thrust capability of the rocket. A trajectory }:‘

[xo(t),teT] is achievable if, for all teT , where T defines the time period Qf'

~ - XN
N during whicn the sustainer rocket are Ignited, there 1ls a control uy(t)eU S

such that

% (t) = F[xg(t),ug(t)] (4.13)

The trim problem is defined in terms of equation (2) as that of finding

a control u, satisfying (4.13), given that the trim (nominal) trajectory e

N xo(t) is achievable. The solution is the Inverse of the state equation :j:

A

N namely the trimmap (g,E), so that for all (%X,x) in the escape envelope E, :St
3



R = f{x,g(X,x)].

The corresponding trim control is

U = g(Xg,%q)

Trim usually referes to fixed uy, which is allowable subset of controls

for the crew escape problem also. However, the concept s generalized here
to include time-varying open loop controls. As noted above, when controls
are redundant, that is, m > 6, equation (4.12) alone does not define the
trimmap (g,E), and additional conditions (eg. cost criteria) must be intro-

duced.

After the trim problem is solved, the next step has usually been to
design feedback control systems based on perturbation models derived from
equation (4.12). Methods of linear and optimal control theory produce a

perturbation control law

5u = Ko‘sx

where the matrix gain Ky is appropriate to the reference trajectory.
Complete coverage of the escape enveiope E requires offline development of

a scheduled galn matrix K(%X,,xy), resulting in the complete control law

u = g(Xg,%g) + K(Xq,%0)(x=%q)

The structure such a controller is depicted in Figure 4.6. The above
LQ-type process (this is how K is usually derived) has appreciable dif-
ficulty when the system (4.12) is very nonlinear. The procedure for
choosing the proper set {xol,XOi)}N of nominal trajectories to cover ade-
quately the envelope E and switch among perturbation models is for now
rather unclear. 1In addition, LQ methods require extra complexity even to
deal approximately with state and control constraints. For the crew escape
problem in particular, this is a serious limitation., Excesslve nonli-
nearity may force the perturbation trajectory outslde the envelope,

from a nominal x,eE. 1If envelop limiting ls achleved by limits S§U on 6u,
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()'(0, XO) —l-‘g()'(o, xO) f(x, u) ‘ X / X —

Su

K(xo, xo)

Figure 4.6. Selected structure in conventional design.

The nonlinear function g(go, Xxg) is the trim control function, generating
trim control up. Latter is augmented by LQ feedback correction control,
du, to produce complete control, u. State variable rates of change x are a

function of f(x, u), the system nonlinear model, plus disturbances, e. x

is integrated to obtain x, which is compared to nominal x.

f(x, u)

Re
(]
[
~
k3
o
+
(s ]
»
jo)
x
N’

Figure 4.7, Stucture of proposed perturbation controller.
By passing feedback (error) signals through the trim logic, effects of

uncertainties are controlled better. See accompanying text.
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then queslions concerning the stability of the resulting nonlinear pertur-
bation controller must be resolved for each of the N perturbation models.
Since these limits on Su are likely to depend on (io,xo), GU(io,xo) must be
stored In the control logic in addition to K(%Xqy,x,) and the trimwap
g(io,xo). Also, the dynamics of switching from one case to the next must
be designed, including some accounting for the possibility of using
hysteresis to prevent chatter if the seat is to fly along a boundary bet-
ween two models. Switching logic and dynamics add further to com-
putational burden and complexity. Finally, there are reliablility issues.
Is stability maintained when a column (sensor) or a row (control) of K is

lost?

Such questions are difficult to deal with Iin the framework of modern
control or the LQ approach. Older classical techniques based on sequential
loop closures that result in a nesting (hierarchy) of subsystems with
decreasing bandwidth are more effective for designing fail-safe (robust)
systems. The acceleration control concept presented here has these
features, and in addition is much less effected by the nonlinearity of

equation (4.12) or by state and dynamic constralnts. See also Section

4.2.1.

In contrast to the standard design approach exemplified in Figure 4.6,
the acceleration control structure for the automatic flight control system
consists of feedback achieved through the automatic trim logic. This is
seen in Figure 4.7. Here, the feedback is through the perturbation &%,
on the (nominal) trim condition %,. The open loop reference trajec-
tory accelerations generate an open loop control u which is capable of
maintaining x = x5 1f: (1) initially, x = xg5; (2) the trajectory is

feasible, and (3) there are no systems modeling errors.

In these conditions are met, the tracking will be perfect, even In the
presence of nonzero 8x, (which arises from distribances, or process noise),

as long as (%X, + 6x,) falls within E, the achlevable escape region. The

conlrol

u = g(io + Sio,x)
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then takes x(t) into x,(t), that is, the feedback for controlling process
uncertainties is closed through the automatic trim logic (assuming feas-
bility) Figure 4.7, rather than after the trim logic, Figure 4.6, the LQ

approach.

L swasxt e e S0

-

The structure allows for envelope limiting and use of dynamic
constralnts within the trimmap. Admissable perturbations 6%, are directly
handled by this structure. Thus, the emphasis is shifted from the several

linear perturbations models required to cover E to the construction of

AN

achievable perturbations in the commanded trajectories. When emphasis is

made of hierarchical design, this latter task is simplified.

We note here that the envelope limiting within the trimmap, predictive

control based on reference trajectories, use of the plant model in the

DR AVRSAPRARIN

L control logic and incorporating explicit limiting within the control logic
. (trimmap) are also features of Model Algorithmic Control (Section

- 4.2.2). The hierarchy consists of slower varying (command) processes at

! higher levels, and fast-reacting processes at lower levels., The hierarchi-
cal structure for the crew escape control logic is centered on the rota-
tional and translational acceleration controllers. In more common systems,
e.g., the VSTOL controller discussed in Meyer and Cicolani (1975), the
attitude controller is at a lower (faster) level than the translational
acceleration controller. We don't allow the “luxury” of seperate levels
for attitude and translation in the crew escape problem, because in many
scenarios there i{s no time to allow for attitude transients to grow suf-

ficiently small before issuing acceleration commands.

The ejection seat acceleration controller, then, solves simultaneously
the 6 DOF attitude and trajectory problem. This is done by accepting com-
mands from the command generator, at one level higher, which produces, in
real time, a.(t) and &c(t). They are sent as commands to throttle and
nozzle acuators, which are one level lower. From the controller level,

acuator models may be relatively simple input-output relations, which are

treated as specifications to be met in the design of these subsystems. The
overall design can proceed one level at a time, at each level assuming

acceptabhle inputs from the other levels. Sensor dynamics are treated simi-
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larly, and are also one level below the acceleration controller. The trim-—
map is the major logic activity of the acceleration controller. The
inertial coordinates of the acceleration commands (ac,&c) are converted by
the acceleration control logic first, to force and torque commands
(frc,trc) to be realized by the propulsion system, in seat/pilot (Body)
coordinates; and secondly, to commanded thrust levels and (where
appropriate) nozzle gimbal angles or value settings-the elements of u. The
- realized acceleration, (a,®) compares to the command (a;,®.) to within the
inaccuracles of the trimmap. Much of these relate to the detail of the
model used in the controller. While there is no inherent, structured 1limit

to bhe associated with the detalil, or complexity, of this model- as, for

example, the requirement that it be linear - it is typically wisest to use

as simple a model as possible which produces adequate performance.

The discrepancies between commanded and actual accelerations are

resolved by the perturbation controller. 1Inertial acceleration and velo-

city errors are weighted by the constants K1, K2, K3, and K4 to generate .

commands commensurate with the rocket acceleration capabilities: T

N

dfr = m{Kyj(ag - a) + Kp(vq ~ V)]

3

dtr = I[K3(Wd - W) + K4(Wy - W) ] :_::
Ty

Note that the combination of acceleration and velocity error signals is ?ff

equivalent to processing acceleration errors through a proportional-plus~ Y

integral feedforward filter. This lype of compensator in closed loop error ti‘

5 control is commonly and successfully used for steady state error control. R
<

The trajectory command generator must provide admissible acceleration ige

commands Lo the acceleration controller. 1In the hierarchy of the central :fk

9 logic the command generator is one level above the acceleration controller, f?{
t The set of admissible (inertial) commands of total seat/pilot CG and rota- t (

tional accelerations have been arrived at by several schemes in our work. -

For example, attitude command.'d accelerations have been supplied by off- .

line optimal programs (see 4.2.4), cross product steering, and Euler -
ls. "
steering. By setting up a general structure, as we have done, other x:
variations within the three classes can be achleved by zeroing a parameter. ";
,.v-'.h




wt ;i
~ be
And there are certainly other schemes not tried in our current work ’“
;. which should also do very well. ';:.
S Y
~ 4.3.2.3 Detalls; Summary Considerations of reliability and simplicity r'{
motivated the decision to use hierarchical acceleration control. The !i
%: control logic works simultaneously on the six rigid body degrees of ;ﬂ
:E freedom. Process uncertainties are controlled by means of a perturbation |i
:k controller which closes the loop around the acceleration controller and the Rt
control select (trimmap) 1logic. The design and Implementation of the per- !;
:: turbation controller are greatly simplified by the decision to close the ’ Ej
? feedback through the trimmap. iﬁ
' The idea Is an acceleration controller whose Input-output relationship E
;: is approximately an identity everywhere within the escape envelope (E) for ;E
g: suitably restricted acceleration commands. The function of the command S?
Ei generator is to give only admissible commands to the accelerator controller. ;}
A specific seat rocket configuration geometry, part of the A DOF -
simulation model, converts the control vector u. into seat-referenced N
. rocket forces and torques via the relationship ;T
fr ::
- = B(uc) (4.14) N
o T s
- >
o where B is a (6 x 1) vector and fg and TR are the 3-dimensional forces and a
? torques due to rocket thrust.
- The control design presented in this report answers affirmatively the
concerns about overall feasibility of self-contained, active control of an
2 ejection seat, using state- or near-state-of-the-—art hardware. The o
. complexity of the controller is flexibhle, from being able to handle the }:
; highly constrained high-Q ejections by utilizing increased energy source . :?E
i and microprocessor capability, to reliance on very simple control LZ
c strategies where physiological limits are not threatened, to shaping . ??
Z; appropriate trajectories for impact avoidance of either moving or still
i objects. For example, In a moderate altitude low—Q ejection, the prestored
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solution is much simpler, and not necessarily "optimal”, since safe egress

can he effected by any number of trajectories. For such ejections low

speed, near nominal attitude, rocket thrust ls reduced but fixed, and

attitude 1s set for safe main chute deployment.

Currently, seat dynamics are being generated by a 6 DOF simulator.

For this function, we are now using, as appropriate, one of four baslic

simulation systems: EASIEST (West, Ummel and Uyrczyk, 1980), SAFEST

(Jines, 1982), plus our own specialized 6 DOF program, THIST, developed

specifically for generalized control synthesis of the type required for

this project. THIST and its support software are described in Appendix C.

The fourth simulation system is, of course, the real time hybrid system

which uses the breadboard controller (Volume 11, Chapter 6).

Referring to Figure 4.5, the 6 DOF simulator (which now has the role

of the physical plant, the ejection seat) generates the plant output vector

x, the system or state variables. We

X = (U,V,W,P,q,r,‘i”e,XEsyE-ZE,’P)

are using the 12th order set

(4.15)

where notation follows standard aeronautical usage, except that xg, yg and

z, are position components in the reference inertial (local horizomtal)

frame, The linear and angular velocity variables are inertial quantities,

but cocrdinalized in body-fixed areas.

Components of the state vector x
real time, as the vector ;. In order
quantites for the controller, such as
the seal have on-board rate gyros and
For the remainder of this chapter, we
interchangeably, the assumption belng

the measured elements x.

are sensed or estimated on board in
to have available the appropriate
local vertical, it is necessary that
accelerometers for all three axes.
shall use elements of x and ;

that we are speclfically referring to

The internal model block of Figure 4.5 solves the following set of

equations for tg and fg

v + wxv = (fg + fq + £p)/m

(4.16)

%ﬁﬁ}
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0+ wx(Iw) = T, + T, (4.17)

The elements of x needed for these computations are w = (p,. <), 6, ¢,
(for fg, graYitz force), u, v and w (for f, and t1,, aero force and torque),
and a = (u, v, w). To these computed rocket forces and torques must be

added correction forces and torques of the form:

Af = m[ki(agq - a) + ky(vg - v)] (4.18)
Aty = I[ky(dg = @) + k4(wg - w)) (4.19)
In equations (4.18) and (4.19), aq, ;d: vq and wq are the reference, or the
desired translational and rotational accelerations and their integrals,
respectively. These quantities are obtained either from the prestored
files, generated off-line for a similar case, or from real-time, suboptimal

logic, such as cross product steering logic.

We are currently obtaining success Implementing Equations (4.18) and
(4.19). More generally, the Av = (v4-v) and Aw terms come from the

integral feedforward compensator, e.g.,

k
Aa = (k) + _2)Aa(s) (4.20)
s

The measurement/estimation process typically has an implied integration, so

there is no loss of generality in this regard.

The required forces and torques for the next cycle are then given by

fr(t) = f.(t-1) + Af (t) (4.21)

Te(t) = 1e(t-1) + At(t) (4.22)

where f, (t-1) and 1.(t-1) are found from Equations (4.16) and (4.17). The
actuator controller mechanizes the specific configuration geometry - that
is, the current rocket and force commands are converted into thrust
magnitudes and nozzle deflection angles. Another loop around this

controller represents "actuator” dynamics for the propulsion system.
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Algorithmically, Equations (4.21) and (4.22) are implemented as

follows:
fr B fro
= M[Ax + (O)u] + (4.23)
1L Ty0
where
— —
mi3g3 | O3x3 | (.26
M= lA ' O6x6
| 03x3 I _

and frO’ Trp represent zero~deflection, nominal thrust forces and torques.
In our algorithm, Trg = 0 for a 50%-ile pilot, and we are for the moment
specifying that each nozzle direct its nominal thrust line through the 507
pilot's CG. 1In Equation (4.24), 03x3 and Ogye are matrices of zeros, I3x3
is the 3-by-3 identity matrix, m is the seat/pilot mass, and 1 its inertia.

Working with accelerations, the submatrix B performs the
transformation between commanded rocket accelerations, a, and &r, and

control vector u as follows:

ar
. = Bu (4.25)
Wr.
Thus
ar
u = (8TB)~1 BT | _ (4.26)
Wy

Equations (4.18) and (4.19) are divorced from the (simulation) dynamic
system update cycle by means of discretization. 1f t represents the

current time sample (ie, t = T), where T is the sample period, we have
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a(n+l) = ag(n+l) + Aa(n+l) (4.27)
where
Aa(n+l) = ag(n+l) - a(n+l)
= kj(ag(n) - a(n)) + ko(vg(n) -~ v(n)) (4.28)

Z-transforming (4.28) yields

k
(ag-a) (z-k - T%; = 0 (4.29)

so that unit clrcle stability will result 1f k; and k; are chosen with

respect to T so that both solutlons of

Vb + k)t (1+k)2 - 40k +kp) (4.30)
z=

2

are less than 1.0 in magnitude.

4.3.5 Linear Analysls; Stabillity. Although the control strategy

depicted in this chapter is a nonlinear reference trajectory control
scheme, it 1s important to study the properties of the linearized verslon.

There are two basic reasons for which such a study is necessary:

(1) In the current control strategy a nonlinear decoupling law
is Implemented on line with some approximations. However, since
the regulation is basically around elther the offline ESOP or
the real time reference trajectory, one may use a linear
quadratic regulator around thls trajectory. Such a regulator
would feed back, linearly, all the observed states of the system
and would achieve a certain level of optimization in following
the reference trajectory. However, since the system 1is
extremely nonlinear, the feedback galn matrix of the linearized
system will change along the trajectory. But It is possible to

use a limited number of feedback galn matrices (switching from
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one to another along the trajectory) by sacrificing the
reference trajectory tracking performance. A linearized
stability analysis can, therefore, shed light on the stability

of the control law, and on whether this approach is feaslble,

(1i) A partlcular point at which the behavior of the system is of
interest is the end point of the reference trajectory. At this
end pslal the seat is sufficlently far from the aircraft and is
decelerated so that a new control scheme can take over to
prepare for the next phase, i.e., for the parachute deployment.
The linearized version of the system at this end point specifies
the level of controllability and stability of the seat. On the
other hand, it should be kept in mind that stability analysis is
asymptotic in nature and wlll only provide limited information
for the short flight durations encountered in the ejection seat

problem.

The study of the above properties of the linearized system has to rely
on extensive numerical testing and analysis. 1In fact the complexity of the
non~linear system and its precomputed reference solution preludes simple
analytical deductions as to the feature of the linearized system.
Fortunately for moderate slze linear systems there exist a number of
powerful and fast programs to test the stability of the open loop system
and to compute the optimum gain matrix (in the LQ sense)., The six degrees
of freedom dynamic model for the seat corresponds to a 12 dimenslonal
linear system. At SSI a program developed at the Stanford University
(OPTSYS) has been adapted to a 12 dimenslonal system and has proved to be
very robust and fast. 1In thls section we will discuss the linearized
system corresponding to these different points (T=0, T=0.1 and T=0.2) of

the reference trajectory corresponding to a 12 state ~ 8 control model:

Ax + Bu (linearized version of x = f(x,u))
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With A : 12x12 matrix

A = of
X

B : 12x8 matrix

. B = of

du

x = (Au,Av,Aw,Ap,Aq,Ar,Ax,Ay,Az,A0,A0,4¢)
u = (A8}+A03,A4)+A03,063-00],A¢1-043,AT),482,0¢2,4T)

. where:

, 8),83,¢1,93,T;,and Ty stand for (see configuration in Section 3.2.2.3):

rocket nos. 1 and 3 nozzle pitch deflectlons (8),
rocket nos. 1 and 3 nozzle roll deflections (¢),

thrust for rockets 1 and 3 (T;), and

rocket 2 thrust (Tp), nozzle pitch (63), and roll (¢3).

The data used correspond to the low altitude high-Q escape condition. The
. matrices A corresponding to three points in time (T=0, T=0.l and T=0.2)

: together with their eigenvalues are printed in Tables 4.1, 4.2 and 4.3. As
it can be seen the matrix A and its elgenvalues vary significantly from one
point to another. A remains singular and the corresponding linear systems
are all unstable (eigenvalue having positive real parts). The input matrix
B is the same for all these systems (Table 4.4) and the stabilizing gain

matrix C is computed by the program OPTSYS to minimize a quadratic index of
the form Oft [uxnz + nvn2]dc. These matrilices, together with the
corresponding closed loop eigenvalues are printed in Tables 4.5, 4.6 and

4.7. The gain matrices C corresponding to different points of the
trajectory are different from each other, but the closed loop matrices
(A-CB) have almost the same eigenvalues. This can be explained by the fact
that in all the three cases the same index 1s minimized while keeplng the
control matrix B constant. The control data structure remains unchanged
and C is each time adjusted so the matrices (A;-BjCj) have approximately

the same eigenvalues. Such a result would not be possible i{f the matrix B

N ML

were to change from one point to another. However, if one relaxes the

minimality of the index, or if one decides to minimize an Index of the form
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CHAPTER 5

!f\
u TASK 3: HARDWARE IDENTIFICATION; TRADE STUDY ‘

5.1 Introduclion. e

This section summarizes work to date on Task 3 of the project

described in this report.

In Task 3, the control system was to he used to quantify energy
requirements. Based on this and related analysis of escape trajectories,
the control logic was made more efficient, and a parameter selection

methodology was developed. Other Task 3 activities included a survey of

microprocessor technology for sultable architectures to handle the control, 3%
sensing and sequencing activities of crew escape; and, an analysis of »iiﬁ
representative control system hardware components, to aid in selecting the ?;;B
appropriate ones for the control system. 3{:
O

The main results presented in this chapter are that the overall energy if:
requirements are about twice the capacity of current technology seats, for ifﬁ
control schemes which use only propulsive energy, although if a deslign :Ts

develops which allows main thruster cutoff at dynamic pressures greater
Lthan /00 O, the energy requiremeuts would reduce. Also, although sensor
technology seems capable of providing instruments which meet the needs of
use on ejection seats, there remains a considerable "packaging” problem;
if this forces elimination of key sensors, the microprocessor could be

hurdened with severe estimation duties. TIdeally, the controller will

receive angular and linear acceleration, angular rates, and local vertical,
in addition to the atmospheric data now available on the ACES I[I prototype. ~-£'
Direct measurement of wind velocity direction would bhe a great aid in e
controller efficiency, but perhaps could be omitted. Finally, measurement .y;:
of ambient temperature could be used by the controller to model more

accurdtely the propulsive thrust profiles.

Our studlies also indicate that near state-of-the-art propulsion

Lechnology will be adequate for the thrust levels and slew rates developed

by the controller, provided the energy leads to units which can be fit on

‘i" -!is..:. *'-('-Q.‘v-.- '.‘p.
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the seat. The concurrent selectable thrust design project has provided

useful data In quantifying propulsion requirements more completely.

r J')')'J Far

5.2 Task 3 objectives

»
-

A major objective of Task 3 is to assess the degree to which the
control requirements specified for thls project, and the control system

which is to Implement these requirements, strain state-of-the-art hardware

(s )k.,.,.'

technology. There is no doubt that self-contained control of an ejection
seat in the specified escape regime (cf., MIL-S-9479B) places several

technologies near their current limits. The myriad requirements of size,

RO

welght, reliability, and performance in extreme dynamic conditions over
very short time periods, necessarlly represent an interesting and exciting

. challenge to designer and manufacturers of seat components,

The control system is at the heart of these issues. During the first
part of this project, we have developed a design which offers promise of
performing exceptionally the difficult control task. We now describe the
phase of the project in which it is necessary to assess how well a concept
developed on a computer will perform in the “"real world”. The answers are
3 affirmative: that our control scheme is a viable one, and that the
technology is at or near to the necessary levels to realize this major step
in reducing the hazards of crew escape. We shall see this in upcoming

chapters in this report.

The main goal of Task 3 is to study and identify hardware components
g so that a hardware breadboard design can be developed. The Task 3 SOW

. items are now summarized:

Quantify the energy requirements to accomplish the desired control
task, while maintaining accelerations on the ejectee to within tolerable

limits.

Investigate and identify state-of-the~art microprocessor technology

with respect to Its peformance of the digital computational requirements of

A
.

the controller, and its duties in controlling and sequencing the major

ejection events,

- s & 2 B2
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Conduct an evaluation and trade off analysis to select hardware for

the control system design.

5.3 Microprocessor Hardware Component Survey,

This section documents the results of a preliminary microprocessor
hardware component survey to determine microprocessor throughput
requirements for the ejection seat controller, and then to compare these
requirements with currently available and projected microprocessor

technology.

In order to quantify throughput requirements while the actual control
laws were under development, it was necessary to make some assumptions
about the form the control laws would take, To this end the simple
attitude controller shown in Figure 5.1 was examined. The inputs to the
controller are nolsy angular rate measurements. The state of the
controller consists of estimated angular rate and estimated angular
positinn (integrated angular rate). Notice that angular rate and angular
position are scaled such that multiplication by the integration timestep is
not necessary. It is assumed that the applied control has the same

dimension as the angular rate measurement.

Therefore, Equations (1) through (5) in the figure represent a filter
that estimates the full state based on a transition matrix to update
angular rate (Equation (1)), first order integration of angular rate to
obtain angular positinn (Equation (2)), and a set of filter gains to

incorporate the new measurement (Equations (3),(4),(5)).

With the state estimate thus obtained the controller calculates a

control lircar in the stale (Equation (6)).

Te the right of each equation Is an operation count. The count does
not include the caleulation of the transition matrix, filter gains or
control gains. Tt iIs assumed for Lhe moment that these quantities are
constant or ohtained by a table lookup. The gains for the filter could be
precomputed Kalman filter gaing, the control gains could be precomputed LOR

gains, or they could be derived by some other technique,
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For the case of a full three degree of freedom controller (3DOF) the :*::
number of multiplication operations is 45, and the number of additlons is E:f:
also 45. A 1DOF controller requires 5 multiplies and 5 adds. Three '.5'
uncoupled 1DOF controllers require a total of 15 adds and multiplies. -Q '
Computational requirements for 2DOF controllers are calculated similarly. :}
It should be noted that Kalman gain and covariance matrix calculations :ng
increase the computation requirements to about three times the total shown k|
( 15 n ) if they are performed at runtlme at the same rate. A similar 'i“i

increase would follow If LQR control gains were computed at runtime,

Currently, measurement rates and loop closure rates of 500 Hz are

under consideration., This rate is consistant with the ejection seat e
dynamics observed in FEASIEST simulation runs, although it may be possible iiii
to reduce the rate somewhat without affecting performance. At thls tgz;
measurement rate, throughput requiremeants are 22,500 multiplies and adds ::;f
per second of operation for the 3DOF controller mentioned above. k:n
2]

The Intel 8086 was chosen as representative of current technology. LA
Within the tolerance required for this discussion, it is comparable to, if E;f
not slower, than other parts such as the Motorola 68000. Sixteen bit _;i
integer arithmetic was assumed sufficient for the accuracy and stability ;“E;
requirments of the controller. An instruction mix of move to register, Si?
multiply from memory, and add to register repeated three times followed by ;;;.

a move memory Lo register Instruction was taken as representive of the
instruction mix that an assembly language programmer would generate for the

algorithm given.

This instruction mix gave calulated execution times of 35 microseconds

per multiply with a 5 MHz clock, and 22 microseconds for the 8 MHz clock. DA
These times correspond to throughputs of 45,500 multiplies per second (8

MHz) and 28,400 multiplies per second (5 Mhz). sy

ey

o

<

Thus, an assembly language programmer might be expected to implement o

N

the 3DOF attitude controller with constant coefficients, 16 bit integer ey
arithmetic, and run It successfully at 500 Hz on an 8 Mhz 8N86. The 5?:
LRl

chances of success with 5 MHz 8086 would be marginal, due Lo Rt
simplifications made and overhead ignored in the argument above. ?3?;
A,
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If the inner loop were lmplemented in a high order language the
assumptions made above would hold only if the compiler’s code generator
were very efficient. This is generally not the case, but the situation may
improve as compiler technology matures. It is very likely that compiler

inefficiencles will be compensated for by increased hardware speed.

1f 32 bit arithmetic, or floating point arithmetic were desired, or if
any other of the assumptions made above are violated, it is likely that
current microprocessor technology (as represented by the 8086) would not
suffice. However, the addition of other hardware (i.e. floating point
support chips, array multipliers) or a change in the algorithm would bring

the system Iinto the realm of feasibility with current technology.

Future microprocessor technology is difficult to predict. However,
since the current technology appears marginally feasible, it is fair to
predict that the situation can only improve. Commercial microprocessor
technology is not necessarily moving toward greater rhroughput, but toward
better high order language support (as in the Tntel 1iAPX-432), or to
greater minlaturization (higher memory density) or toward lower power

consumption,

S.4 Microprocessor design

This section of the report will identify architecture and design
issues relating to microprocessor implementation of the ejection seat
control algorithm. The section will discuss system operational
requirements, constraints and requirements on physical characteristics,
computational requirements of the control algorithm and the implied
architecture and software requirements, including event detection and
sequencing, and, finally, will address requirements and capabilities for

built in test and graceful degradation.

Se.441 System Operational Requirements. Aside from the operational

requirements of the escape system during an actual ejection, there remains
to be discussed certain operational requirements on the escape systlem
during tlmes other than an escape event. 1Tt may be desirable to have some

portion of the escape system operatlonal when the alrcraft {s In flight,

142

}“ :’ I‘I':"f..f .: ]

DS

vy

=

-
-,

hizhe 0 2N 2 o
3TaT
i b Ay

P

rororc
5 % Ay
AL

f‘b'r‘r

v

B0

Cew
[

e
vt

el

7 s "': (1" ’l
+ RN

X

e
U K

]
YA

Y

E




T ., T S e v -

either continuously or periodically, and when the aircraft is on the ground o
undergolng perlodic maintenance. &Q;
AN,
Y Such operation could be justified for two reasons. First, built in !‘
E test and system "fall safe” conslderations provide an argument for ;g
} continuous or intermittent operalion of at least part of the system. The §:€
system's built in test equipment (BITE) can be more effective if it can ',
Isolate potential system failures prior to an ejection. The ability to do ;%f
this in no way su.pends the requirement to isolate faults occurring during &k
an ejection, but it does simplify the task. In particular, microprocessor, ;kg
memory, and power supply failures can be identified more easily on the i"-
ground or during normal flight than during an ejection for reasons of !Ef
avallable time and reduced computation requirements. Should such failures ;;i
be discovered during flight, the escape system could disable active control 5::
in favor of conventional control, and indicate to the pilot that the escape Bﬂ;
system will perform in a reduced performance mode if an ejectlon becomes :q:
necessary. It is doubtful that sufficient time would exist for the gs&
performance of a thorough system memory test during the few milliseconds ;:i
available between the time the ejection is initiated, and the time that ;'5
memory is required by the control algorithm. ';f
A second argument for continuous operation iIs the potential ;ig
requirement for the escape system to maintain an attitude reference i{&
independent of the alrcraft's attitude reference. This attitude reference -
would be used for the vertical seeking function of the escape system, and :{E
could be periodically checked against the aircraft attitude reference, if :i&
avallable, as a means of verifying accelerometer and attitude sensor ;;;
operation. il
For example, if the escape system 1s equipped with strapdown angular :ff
rate sensors and accelerometers for the primary attitude rate and :iﬂ
acceleration control function, the same sensors could provide a vertical Qg;
reference as a secondary function by using a software mechanized, self (;;
erecting attitude reference. Using current strapdown rate sensors, the E::
primary attitude rate information can be supplied in minimal startup time. &;
Attitude information, if not available from other sensors such as radar xﬁé
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altimeters or ground/sky direction sensors, can only be obtalned from long
time averaged inertial acceleration information or similar estimates of the
local gravitational acceleration vector. Thus, the requirement for a local
level attitude reference, obtalned independently of alrcraft systems, can
result in the requirement to operate the attitude rate sensors and
accelerometers for some minutes prior the ejection. This requirement 1is
independent of the physical startup time of the sensors, and can be
eliminated if the attitude reference is obtained from the aircraft or an

external reference.

The operational nature of the system, as discussed above, is mentioned
for its effect upon the microprocessor energy requirements and cooling
requirements. Contlinuous operation of at least some part of the system
will require continuous power and continuous cooling requirements, implying
an external power source as well as an on-board power source. If the
system is operational only during an ejection, power requirements can be

met solely by an on-board energy source.

The most desirable system configuration is one in which the escape
system operates nominally without external power, and without information
from the aircraft data bus, but which can take advantage of aircraft power

or data if it is available, and can be used to good effect.

5.4.2 Computational Requirements. There are at least three distinct

types of processing that must be performed by the microprocessor in its
control of the escape system., First is what might be described as the
synchronous processing performed by the closed loop controller and steering
algorithm. This processing is synchronous with periodically sampled sensor
inputs, it is ecyclic, i.e.,, essentially the same processing is performed on
each input sample set, and the processing is largely independent of the
data being processed. This processing will largely determine the
microprocessor throughput requirements, in terms of operations performed

per second.

The second type of processing is that associated with event detection

and sequencing. This category includes canopy jettison, restraint harness
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retraction, drogue deployment, survlival kit and parachute deployment, as
well as critical subsystem self test. This processing ls asynchronous,
acyclic, and data driven. The throughput requirements that this processing
imposes are not a primary concern, but the asynchronous nature of the
processing and the precise timing requirements will determine the interrupt
latency of the microprocessor, and possibly require additional hardware

support if sub-millisecond timing requirements exist,

The last classification consists of off-line maintenance, self test or

BITE processing, or similar low criticality "background” processing

performed prior to an escape event. This type of software is, by

definition, not ecritical to the primary function of the system, and does
not Iimpose limiting timing or throughput requlirements. It may, however,
impose non-volatile memory requirements 1f a significant amount of such

software is required.

5.4.3 Microprocessor Event Timing Capabilities. With reference to

system requirements outlined in the preceding section, it is necessary to
review the capability of current microprocessors. In addition to the "raw”
capability of the processor itself, some attention should be given to the
capability of the processor in conjunction with the high order language
compliller in use, as well as other software support that may be considered

useful, such as a real time executive.

First, interrupt timing and latency will be examined. Taking the
Motorola 68000 as representative of the class of processors under
consideration, one finds that approximately 44 clock cycles are required to
acknowledge the Interrupt exception, that is, 44 cycles elapse from the
time the microprocessor begins processing the interrupt to the time the
first instruction of the interrupt handler can execute. Most Iinterrupt
roul ines require the use of several processor registers, an must therefore
save and restore those registers to be used. A typical interrupt routine
might save and restore eight registers; this requires 192 processor cycles
if the move multiple instruction is used. Finally, the return from
interrupt (or return from exception on the MC68000) requires an additional

20 cycles. The total, 256 cycles, represents the additional processor




s Gl e e et A S a2ty 4

overhead required to process a single interrupt, exclusive of the actual

interrupt processing itself.

An event timing and sequencing implementation with a timing accuracy
of one millisecond can be readily obtalined with a software clock updated
every millisecond by an interrupt handler. This level of accuracy is
consistent with the escape system timing requirements. An eight MegaHertz
MC68000 will therefore lose 256/8000 of its capacity, or about 3.2 percent,

if it services Iinterrupts every millisecond.

It should also be noted that the interrupt latency is insignificant in
this context. An interrupt cannot be serviced until the currently
executing instruction has completed. On the MC68000 the longer
instructions range from 70 cycles for a multiply, to 158 for a divide, to
176 for a sixteen register move multiple register instruction. Again with

an 8 MegaHertz clock, this only amounts to about .02 milliseconds in the

worst case.

The timing and sequencing functions of escape systems are easily

within the real of current 16 bit microprocessor implementation, so long as
the implementation does not incur undue overhead in the event handling

processing software (thls possibility is discussed a following section),

Se4.4 Microprocessor Self-test Capability. The capability for self

test in current microprocessor lies mainly in the realm of system deslgn
for fall safe hardware and software self test mechanisms. This type of
system design is probably better understood in the hardware arena; a fail
safe software design, along with graceful degradation properties desired in
escape systems, can be difficult to achieve or demonstrate in actual
practice, and the probability of success is directly realated to the
complexity of the software. The use of currently accepted good design
practice, high order languages such as Pascal or preferably Ada, and a
sound testing and verification methodology provide a basis for software

reliability.

Assuming that the system software is inherently reliahle and free of
design errors and coding errors, there remains the Issue of incorporating

the microprocessor controller I{nto the overall system self-test mechanism.
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The only microprocessor known to the author that directly provides
inherent self-test capability is the Intel T1APX-432. This microprocessor
(actually a micro-mainframe) can be configured as a dual processor system.
In this system, each processor compares its data, address buss, and control
lines with those of the other processor. Both processors are
simultaneously executing the same program. Any discrepancy an Indication
of a failure. This approach will increase the overall system failure rate,
but will reduce ihe probability of an undetected fallure, Also, even
though the system is redundant, microprocessor failures are only detected,

not corrected.

Aside from using redundant system components as in the case above, a
microprocessor can perform useful system self-test. During available
system warmup time (quite likely limited in an escape system) various
microprocessor self-tests can be performed, including verification of
internal registers and the ALU, memory tests, power line condition, and
certain types of I/0 interface tests. For example, sensors can be designed
to produce characteristic outputs during their warm-up time; a failure to
observe the transient would indicate possible sensor or I/0 interface

failure.

Digital outputs can be verified when sensors exist to measure the
desired effect of the output. gExamples of this type of system self test
are position sensors on motor gimbals to verify steering commands, or using
the system's accelerometers to verify the correct operation the propulsion

sysiem.

Closed loop self tests of the type described above have the falling
that a probhlem may not be easlly isolated, and there remains the issue of
how the system should be designed to respond to a fault condition detected

by the microprocessor.

A simple but effective means of ensuring fail safe operation under
certain types of fallures is the use of a "keep alive” circuit. An example
of this might be the inclusion of an additional output from the controller

to the motor actuator hardware. This output would be strobed by the
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controller software each time the control loop executed successfully as far 3&'
as can be determined by the control software. Absence of that slignal would E)\
be Interpreted by the actuator as a system failure; the actuator would Ef;
respond by slewing to a nominally centered position. This scheme is most 5
reliable if the signal path of the keep alive is the same as that of the :ii
normal commands, and if each component in the path tends to fall in a way Eﬁ:

+2

that blocks the signal.

-

Certain types of self test might well be avoided. It is tempting to &:}
run microprocessor register or memory test software In real time, as a low :;t
priority process executing in the background. This would, in principle, iiz
provide the earliest possible indication of memory or microprocessor !&;
failure, but the nature of such tests produces extremely unpredictable Eﬁ
system failures when the self test software has, for some reason, failed. Eii
The more conservative approach of performing such tests prior to system izk
operation is preferred. e

A final type of self-test software remains, that of verification ijﬁ
software that runs off-line, as when the system is down for maintenance. ;iz
Off-line self-test can enhance system reliabilty by facilitating preventive ?3
maintenance. The operational caveat associated with this type of software s
i{s that it occasionally requires more memory and development time than the &{i
primary system software. 1In addition, it should be remembered that it is };ﬁ
difficult to devise diagnostic software that stresses the system as J;:
thoroughly as actual operation does. }:j

5.4.5 System Hardware and Software Architecture. The effect upon ;&:
system architecture, both hardware and software, of the system requirements gii
discussed is likely to be more due to reliability issues than throughput ;~%
issues. As mentioned in the Task I interim report, the throughput Eii
capabilities of current microprocessors appear adequate to the task of Eig
ejection seat control, and as mentioned above, the event sequencing and F{
detection requirements are also within the capacity of current ,}éé
microprocessors. Thus, multiprocessor configurations, or other liif
architectural innovations, are not anticipated on the basis of throughput fél
requirements alone. The overpowering need for system reliability may, "bé

148 N

o8

ASA

e T A e T e i T e e e e S L S



however, he addressed at the architectural level. Such architectural

decislons such as whether to use redudant Independent hardware, data and
signal paths, or to take the alternate approach of a single, monolithic
organization with conservative design, will generally be driven by con-

siderations of reliability.

What hasn't been examined in detail in the area of microprocessor
throughput is the effect of software tools and products, particularly the
high order language compiler and the real time executive software used (if
any). While the advantages of using a high order language can't be
overstressed, one mus. consider the effect a compiler will have on the

throughput of the microprocessor/compiler combination.

The efflciency of a compiler, compared to that obtained (presumably at
greater expense) by assembler or hand coding techniques is determined
partially by the nature of the Instruction set of the machine or the
language used, but iIs determined almost entirely by the effort put into the
development of the compiler. Compilers that produce code that compares
favorably with that produced by hand coding do exist, but unfortunately,
are the exception. This Is particularly true for microprocessors. It is
hoped that Ada compiler developers will go to the effort required to
achieve acceplable code optimization for that language, especially in view
of the fact that the language was originally developed for imbedded, real
time appllications software. The Pascal compiler being used for the
demonstration software development is typlcal in that it is not known for
producing highly efficient code, and can therefore be used to ildentify

potential problems In this area.

Another area of software architecture concerns the use of a real time
executive., A real time executive provides software support, generally to
the user of a high level language, in the area of synchronous and
asynchronous event handling. An executive will allow several independent
processes to execute, apparently simultaneously, on the same processor,

Here is another area that one galns utility and ease of developmeni at the

osslble expense of run-time efficiency.
y
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The escape system software deslgn could be facilitated by use of a
real time executive, or by multitasking features as incorporated in the Ada
language specification. 1Tt is likely, however, that the overhead incurred
would be unacceptable. The time required to perform a task swap, that is,
to save the status of a process executing on the machine, find a process
that is eligible for execution, and initiate it, can consume several
hundred to several thousand machine instructions or cycles. A task swap
may therefore require a substantial portion of a millisecond. It would be
best to perform event detection and sequencing directly from interrupt
level software. The only remaining processing is the cyclic controller
algorithm, which can be initiated by a single Interrupt, Therefore the
escape system can be characterized as one that requires a simple but
efficient real time software design. For these reasons it is anticipated
that only a minimal real time executive will be required, or that a very

simple one will he developed specifically for the application.

5.4.6 Architecture Trade Study. Based on the observations in the

preceding sections, Tables 5.1 and 5.2 give the results of a tradeoff
between specific configurations, (Table 5.1) and general architectures
(Table 5.2). The weighting factors are based on arguments presented above.
The table entries are essentially quality factors between 0 and 1 that
essentially rank order each system with 1 as "best.” The values are
otherwise somewhat subjective, particularly in Table 5.2, where a
particular architecture class may have very dissimilar representative

members.

Table 5.1 the specific example systems described in the preceding
subsection. The reliability and performance quality factors are based
directly on that discussion. As to the architectural classification of the
five systems, the first four are essentially uniprocessor designs with
differing types of fallure detection and management, and the fifth Iis
either a federated processing system or a distributed system depending on
the Iimplementation details. (Again, the terminology used here is taken

from AFWAL-TR-81-3120.)

Table 5.2 compares the general processor classes, The federated

processor and distributed processor classes are essentially equivalent in
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every area save development risk. This Is due to the fact that the major

architectural difference between them is that while they both distribute Eﬁi;
processing among resources in a fixed way, the federated system need not \
have identical processors, but may use processors tallored to the task, or

even use an already developed subsystem as a processing resoutce. An

example of this might be the use of an existing attitude/heading reference

subsystem with its own processor as an element of a control system.

The multiprocessor distinguishes itself from the rest by having the
capability to dynamically assign processing tasks to resources, potentially
improving reliability. This iIs achlieved at the expense of operating system

overhead reducing potential throughput, and increased development risk.

The uniprocessor architecture provides the baseline for best
volume/mass/power and least development risk.

The reader is cautioned that when interpreting these results one must
keep in mind that a good system design may well make use of more than one

type of architectural feature to accomplish the task at hand.

Overall, it appears that the simpler systems fare well in comparison
with the more complex systems, but at this level of Investigation no single

decisive architectural feature can be ldentified.

5.4.7 Vax-Tektronix 8550 IO Design. This subsection documents the

design of the 1/0 interface and the general overall design of the MC68000
control software development. Further details are to be found in Volume IT,
Chapter 6. It was decided initially (prior to the amendment of Task 4,

which then specified real time development) that fidelity of simulation was

more [mportant than real time simulation. This resulted in the following
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approach: Simulation software executing on the Vax was to supply simulated
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sensor data to the Tektronix 8550 emulating the 68000. The 68000 would
execute the control software Lo calculate the control commands that would
be transmitted to the escape system. The execution of this software would
be timed for analysis of throughput requirements, The commands would be
transmitted to the Vax, which would simulate the actuators, ejection seat

dynamics, and sensors, and the process would repeat. The T/0 interface to
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be used was the RS-232 serial interface already available. The overall
simulation would not rum in real time, due to the simulation and 1/0
delays, but would still provide a facility for performing timing analysis

and prototyplc software development.

Development of several low level I/0 routines was necessary to support
the emulation, test and debug of Pascal code on the 8550. The low level -
I/0 routines were required to support standard Pascal I/0 and pointer
management on the Tektronix 8550 MDL. The routines were written in C and
added to the the Whitesmith's C and Pascal cross compller support library.
The routines are transparent to the Pascal user and support only standard
Pascal 10. With thls initial step completed the Vax~Tektronix 8550 10

interface development proceeded as documented below.

The following pseudo code (Tables 5.3 to 5.6) describes the 10
protocol between the Vax, whlich simulates the escape system sensors,
system, and actuators, and the Tektronix 8550 M68000 emulator running the
control algorithm. The transfers are ASCII format over the the RS~232C

remote 10 interface between the Vax and the 8550.

The ASCII format was chosen because it is readable by a human, it is
as standard and available an interface as currently exists, and is the only
interface reasonably supported by standard Pascal. These qualities ensure
portability and quick implementation. The single disadvantage s slow
speed, as the same serial 10 port could transfer the data in less than half
the time if [t were In binary format. Since only the controller execution
will be timed for subsequent analysis, thls disadvantage is
Inconsequential. The protocol defined by the pseudo code is not specific
to this format as the same algorithm 1is suitable for binary transfers as

well,

This interface simulates the digital or serial 10 interface that will
be required between the controller, sensors and effectors in an operatinnal

system.

A run s initiated by the operator at the Tektronix 8550. Using the

8550 'comm' command, the 8550 is estabhlished as a terminal communicating
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with the Vax over the 8550's remote 10 interface (serial RS$-232C). Then, 3:
using the Vax 'RUN' command, the VaxIO procedure is brought into execution. "i
vaxI0 transmits an Information message to the operator and performs a read !§
on the remote 10 interface. E:i
e

The operator may aborl VaxI0O at this stage by typing an illegal éi-
message or an abort message, or he may slmulate a normal run by typing !E
start up and normal transfer messages to the vVax. (This is useful for test 3:‘

and debug purposes and would not be possible with a binary transfer

format). -
A normal simulation procedes when the operator exits the 'comm' g{
command with the VaxI0 read pending on the remote 10 interface. The ii'
operator then uses the 8550 'X' (execute) command or its equivalent to run ;g:
ControllerIO on the 8550. At this point, VaxI0 is functioning as a slave i;;
B and ControllerI0 as the master. ControllerI0Q initiates the run by writing »:2
the startup message to the remote I0 interface, and then waits for the E;f
5 first data transfer from the Vax by performing a read on the remote IO ;fﬁ
interface. Normal transfers between the Vax and 8550 then proceed until f'
: either processor transmits an abort message to the other, or until :%i
3 Controlleri0 retransmits the startup message on operator request. glb
v 57
Each normal transfer contains a cycle count that is incremented by 'fl
Controllerl0 on each transfer to the Vax and Is subsequently echoed by Vax 95
; in the transfer from the Vax to the 8550. The cycle count is allowed to gg
2 "roll over" before it reaches a predefined magnitude (CycleModulus). The i:}
. cycle count is used to ensure that the 10 transfers procede in lock-step, f::
without a missed transfer. The cycle count may also be interpreted as a e
timetag. ?%‘
Note that VaxI0 and Controller10 (Tables 5.3 and 5.4) comprise the ;j
main routines for the Vax ejection system simulator aund the M68000 I
controller emulator, respectively, The transfer scheme at this level is
single rate. A multirale control system can be implemented in this
framework by dappropriate logic in the lower level routines called by Vax10 ;{
and ControllerIn. '_
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- Table 5.3. Vax I/0 Procedure Y
Ny ’,' .
' : "
N, procedure VaxIO; o
5t
& const
~ CycleModulus = 1000; i
! 0
N var 3
3 ) Myy
N Initialized : boolean;  Indicates receipt of start message . é;
o »

Done : boolean; Indicates completion of processing

[
N

e ExpectCycleCount : 0O..CycleModulus-1; count expected next . K:
! ’
- begin ')

. .
a

Initialized := false;

ExpectCycleCount := 0;

.

SYWREY

.
Ll

s Transmit information message; "l
.. - -\ R
: repeat  Main Processing loop o
:: Read controller message; ;?
B 3
. if ioError then begin T
" Transmit abort message; -
A Done := true -
\:' L
- end -
"y else if abort message received then begin ..
‘ KB
Je ne := [
5 Do true 1x
~ end '.}'
v else if start message received then begin
- Initialize escape system state; AR
+ -“.l
) Initialized := true; e
- Compute inltial sensor ocutputs; t?:
l" '-¢.
” Transmit cycle count and sensor outputs to controller; vy
ExpectCycleCount := received cycle count; ::
Done := false e
- end S
-~‘ - "\ '
; else if received cycle count <> ExpectCycleCount then begin f:
,: Transmit abort message; W
'i Done := true ::j
'_:- end -
L4 '-\'
else if not Initialized then begin g
” R
- v
.. I'~

&
"' g
.
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[
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Transmit abort message;
Done := true
end
else begin normal cycle processsing
Compute actuator response, escape system state,
and sensor outputs from previous state and

controller commands;

Transmit cycle count and sensor outputs to controller;

Done := false;
end;
Increment ExpectCycleCount mod CycleModulus
until Done;
Print termlnation conditions at operator console if abnormal

end; { VaxIo }

[y 4, &, SV
to fote te e o TN

]

5w

LW _Te % L S e S -
N A AEAE AP AR AN S
S YV A S S A S S TR




Table 5.4. MC68000 (controller) IO procedure
procedure ControllerIO;

const

: CycleModulus = 1000;

K var -
’ CycleCount : 0..CycleModulus-1;

. Done : boolean; Indicates completion of processing -
g begin

. repeat

A Initialize;

Done := false;

CycleCount := Q;

. Transmit startup message and initial CycleCount;

Read initial sensor outputs (from Vax);

while not ( abort message received
or ioError
or received cycle count <> CycleCount
or Done ) do begin

Increment CycleCount mod CycleModulus;

Start digital timer;
Compute controller outputs from sensor outputs received;
Record computation time for analysis;

Set Done as required;

Transmit CycleCount and controller commands;

Read sensor outputs (from Vax)

158 e

end;
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print termination condition

untll operator requests termination of run

end;




Table 5.5 IO Transfer Formats

In what follows, read '::=' as 'is defined as'.
Single quotes indicate a literal occurence of the enclosed

symbol, and the vertlcal bhars 1 ' separate optional forms

j of which one must occur. Curly braces 'y, :' denote zero
\ or more occurences of the enclosed object. Symbols and
; numbers are separated by one or more blanks, tabs, line
j feeds, or carriage returns.

«

3 message ::= start-up-message

Z I abort-message

; l normal-transfer

start-up-message ::= 'S' cycle-count '.’
‘E abort-message ::= 'A' abort-code '.'
normal-transfer ::= 'N' cycle-count gatgq '.'
cycle-count ::= unsigned integer mod CycleModulus
abort-code ::= signed integer

data ::= signed integer
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Tahle 5.6« Examples
Start up message (controller to Vax):
J S 000 .

The 'S' indicates that this is a start-up message,

and the initial cycle count is zero.
Abort message:
A-1.

The 'A' indicates an abort initiated by the sender,
the '-1' indicates the type of abort (a cycle count

mismatch, for example).
Normal message:

N 056

100 120 35
-56 =34 500
67

98

In the above the 'N' indicates a normal data transfer
with a cycle count of 56, followed by data. The
v definition and scale factors of the data depend apon the

sender. Symbols and numbers may be separated by one or more

) blanks, tabs, line feeds, or carrlage returns.
. L]
3 .'- {A:
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5.5 Control System Components Tradeoff Analysis.

In this section we analyze the relative strengths and weaknesses of
the major control system hardware components, with respect to the ejection
seat requirements., The hardware Is divided into three categories:
sensors, controller hardware (including microprocessors), and energy
sources. These categories neglect other important components, such as
restraint systems but these are felt at thls time not to be critical
elements for the actual control system design., The total control system is
considered to consist of the sensors, the control logic and sequencing unit
(microprocessor(s)), the thrust actuators, and the power supplies. The
latter will not be discussed further here beyond polnting out that TLX
signal actuating redundant thermal batteries are probably still the best

type for ejection seat use.

The goal of this section is to compare and assess leading candidates
in each category according to key criteria, and indicate preferences based
on simulation requirements of the control system, and manufacturer's data
sheets, All hardware is assumed capable of performance to the stated specs
of the manufacturer. Performance as an Integrated component cannot, of

course, be evaluated at this time.

Another aspect is that manufacturers have to date not directed the
application of their products to use on ejection seats. Thus, it will
happen that several ltems each have many attractive features for seat
control, but the Ideal component will be a mix of state-of-the-art designs.
Excessive “"customizing” for seat use, however, could lead to unacceptable

production costs,

The trade studies are presented primarily by means of "decision”
matrices. These have been developed for each group of hardware components,
e.g.,, angular accelerometer, and run to two or three levels. As best as -
possible, weights and figures of merit have been related to anticipated use
of the design or component in the SSi-developed control system. Thus, for '
example, angular rate sensing 1s not as Important for our system as angular

acceleration sensing, so that performance for rate gyros Is not welighted as
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highly as performance for angular accelerometers. As another example, a
three—-axis sensing package whose volume exceeds that of an equivalent
sensor will nonetheless score higher iIf the latter has fewer Input axes,
and if that results in a net greater volume for the number of sucli devices

needed to provide data for the three axes needed by the controller.

Tt is expected that the sensing, control, propulsion, and ejection
sceat communities will provide further laput Into the selection of weighting

factors and relative figures of merit.

Microprocessor archltecture and related issues were discussed in
Sections 5.3 and 5.4. Section 5,.5.1 will discuss sensor hardware trade
analysls, Section 5.5.2 will discuss energy source and actuation hardware
trade analysis, and Section 5.5.3 will summarize and present our

recommendations,

5.5.1 Sensor Hardware. 1In this analysis, we discuss several types of

sensors which may be practical in providing necessary inputs for ejection
seal control systems. The sensors are required to provide state variable
information for the controller. The Information most Important for the SSI
controller is: 1linear and angular acceleration, attitude, and altitude.
Independent sensing of dynamic pressure, airspeed and wind direction would
greatly help, and independent sensing of angular rate, inertial velocity
and density or temperature would be useful for redundancy purposes. The
number of such devices which can be accommodated is a packaging tradeoff

with control system performance and capability.

The sensor categories selected for the trade analysis, then, are
accelerometers, angular —ccelerometers, air data sensors, pressure sensors,
attitude/altitude sensors, and angular rate sensors. The grouping has been
dictated by the general trend in the product lines, although there is some
overlap. Depending on the specific system, an alir data sensor may provide
altitude Informatlion, and a radar altimeter system could supply both
attitude and altitude. The figures of merit and welights have been selected

with such factors in mind.

There are two levels of decislon matrix for the sensor hardware, in

each of the above six sensor categories. The lowest level establishes
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overall performance ratings, and the performance criteria producing this
rating are: sensitivity range, start-up time, tolerable acceleration
environment, operating temperature, frequency response, accuracy,
hysteresis characteristics, resistance to impact, complexity (number of

moving parts), and sensitivity to EMI/EMP effects.

The top level decision matrix for each sensor category includes the
following design criteria: performance, reliability, weight, size
(volume), power requirement, development risk, auxiliary hardware
requirements (e.g., A/D converters or amplifiers), ease of malntenance,

safety, interface compatlibility, and development and production cost.

As Is also the case with the propulsion system trade study (Subsection
5.5.2), the nature of this project leads to different weights than might be
found in a more developmental project. Performance here 1s weighted much
higher, for example, and production and development costs are welighted very

low.

For the sensor trade analysis presented in this section, the top level
welighting factors may vary from one sensor category to the next; however,
at the lower level, the weights are the same, for each criterion (e.g.,
start-up time). The figures of merit for specific components are scaled
between 0.1 and 0.9. If a product is seen to be adequate for any
conceivable seal applicatlon, it will get a score of 0.9, even if another

product is better in this criterion.

We now give an overview of the reasoning for the inclusion of certain

of the performance and design criteria.

It was stated above that, for an exploratory development project,
performance is most important. Also very important are weight and volume,
which indirectly affect performance (it can be argued that weight is itself
a performance criterion). Current operational seats have very small
latitude for the inclusion of a new set of hardware, such as
microprocessors and sensors. Although next generation seats will likely
involve extensive redesign, all designs must have retrofit capability into
existing aircraft. Thus, the size or "packaging” issue ls a very real one,

and 1t produces severe conslraints.
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Another packaging issue Is that manufacturers have not yet integrated
sensor electronics with microprocessor bit and bus structures. They are
little to be blamed for thls, since common digital standards do not exist
yet. However, since the Air Force is developing one for its aircraft, it
is a good opportunity to stress sensor integration for ejection seat and
similar applications. For the present, interfacing is left to the

customer,

Closely related to the size criterion in terms of retrofit capability
is cost. This is always lmportant, but even more so for seats; this
should be kept in mind, although we are not welghing cost too heavily for
the scope of our project. Today's operatlonal seats cost $60 to $100K in
current dollars, and do not have the sophisticated technology beling planned
for the next generation. A new design which more than doubles the unit
cost of a seat will probably not be used extensively., 1In this regard, many
of the state-of-the-art (SOA) components have a cost factor related to
design and performance features which aren't critical for operation of the
ejection seat. Tt is important to recogrize and avoid, if possible,
situations in which most of the cost is for unneeded features and/or

performance.

Another factor is that the main seat structural mode usually falls
within the bandwidth (sensitivity range) of many sensors, such as rate
gyros. This type of problem can be eliminated, for example by using notch

filters, but the designer must be aware of it.

Complexity and ruggedness are two criteria which can be considered
reliability factors. 1In the crew escape application, extreme accuracy of
measurements is usually less Important than being guaranteed a measurement
of some minimal accuracy. Due to the very short operational duration, such
specifications as drift rates, null offsets, etc. are not critical.
However, the unit must be capable of successful startup and operation,
after long periods and conditions of storage, and during all of the
anticlpated operational conditions of vibration, shock, temperature
variation, etc. Thus, while the system as a whole is to be much more

sophisticated, the emphasis for most, if not all, of the key control system
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components is on reliability. This Iimplies in many cases foregoing

complexity and sophistication for simplicity.

As a final introductory note, there is a tradeoff between control
system performance and the type and number of sensors which will comprise
the system. A minimal number of sensors will place a greater strain on
microprocessor resources, as quantities not directly measured will have to
be estimated by computer. On the other hand, seat geometry and welght

limitations will force a conservative selection of sensors.

The rest of this section is devoted to an analysis of candidate sensor
hardware. We have tried to examine as broad a spectrum of concepts and
mechanizations as possible. Appendix E contains some specification sheets

of components discussed here, which we were able to obtain. Attitude

sensors Include microwave radiometers, directional gyros, strapdown gyros
and fluidic platforms. Attitude rate sensors include rate gyros, fluid
rate sensors, angular accelerometers, strapdown gyros, and vibratory rate

sensors. Accelerations will be sensed using linear accelerometers.

5.5.1.1 Attitude Sensors. Attitude can be measured by elther

electronic or fluidic systems. This section analyzes some likely
candidates, from the standpoint of our particular control design, and of

the system operational requirements.

Microwave Radiometer Attitude Sensing. A microwave radiometer can

antenna is aimed toward the zenith (at its desired orientation) and the
others are Iin the horizontal plane. Under the desired conditions the
vertical-looking antenna will record cool temperatures, while the
horizontal-looking antennas will see uniformly warmer lemperatures.

Because of symmetry, only pitch and roll information will be available.

[ Dtk

This passive radiometer system could consist of hardware such as AEl,

gt

H6100 horn antennas with 40 degree beam, Microwave Associates MA8430) solid

state selector switch and a Honeywell R15-V receiver. Total weight would
be less than three pounds total cost about $6000, and total power
consumption of less than 60 watts. Although a similar system has heen

demonstrated by the Navy, the welght and size pose operational problems for



state-of-the-art systems. However, the basic state-of-the art exists for
such systems, and a development effort geared to ejection seal applicatlons
does not represent a major advance in the technology. It is expected that
both weight and power can be greatly reduced. The signlficant remaining
concerns are temperature control of the receivers, and the fact that thls

system does not measure altitude.

Directional Gyro. Directional gyros are used typically to provide

vertical or heading reference and represent a fairly mature technology.
They are two-degree-of-freedom mechanical devices whose gimbal
displacements about each output axis constitute a measure of angular

deviation from the desired direction,

One example is the vertical gyro used to measure deviations from local
vertical. Two accelerometers are orthogonally mounted on a platform whose
desired orientation is horizontal. 1In steady-state (one g) conditions the
accelerometers measure deviations from local vertical and "slave" the
uimbal assembly to the local vertical. During dynamic conditions the
accelerometers would give erroneous information; therefore, they are cut
onl. As a result, the local vertical during maneuvers will drift at the

drift rate of the gyros (typically 10 to 15 deg/hr).

One problem with this system is the possibility of gimbal lock since
this is restricted motion about the Inner gimbal. This may be avoided by
adding a third gimbal with a fast erection loop around the two inner

gimbals.

Starting time is about 0.25 sec, so the system must be kept in an
operating state continuously. This could be done concurreatly with the
erection of the aircraft's gulidance sensors. 1If utilized on the seat,
power wmay be turned off at ejectinn, since gyro wheels will not lose

significant angnlar momenlum for several milinutes,

Timex manufacturers an interesting displacement gyro which has some
attractive features, It is a 2-axis gyro which is gas-activated,
eliminating the need for motnrs and assoclated electronics. Warm-up and

uncaging takes place within 250 msec. This is a marginal startup time for
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seat applications, but improvement may not present major obstacles. The
device can operate for up to 20 seconds and has been used for anti tank
missiles. Since the device is gimballed, gimbal lock can occur; one
gimbal has full 360 degree freedom, whlle the other is limited to about 70
degrees., Weight 1s 11 ounces, volume is about 4 cubic inches (including
gas supply), and cost is $500. Output is two angles, measured directly.
These specifications are favorable for ejection seat use, although two
units are needed for three axis coverage (one of the three axes will
recelve redundant measurements — a third unit could be added for full

redundancy, but total size and welght become greater concerns). The device

is rated up to 400 g shock and will handle angular rates up to 200

degrees/sec. The total error is about one degree in 15 seconds.

The rate sensing range 1s currently not adequate for ejection seat
applications, where rates up to 1000 degrees/sec have been observed, even
during initial phases of a controlled escape., Unless the design can be
"customized” to meet this need, this particular unit will not be

acceptable.

Strapdown Gyro. Strapdown systems generally come in two major

categories; (1) inertial and (2) attitude and heading reference. The
former uses a higher grade gyro than 1s required for our purposes. Thus,
we will consider only the less sophisticated and cheaper attitude and

heading reference systems.

This technology is more than twenty years old and is rather mature.
As as result, even the simplest systems perform at a level which should
meet all of our requirements. For example, attitude accuracy requirements
are no more than about 10 degrees. Attitude systems are self-contained and
require no outside intelligence. This is a very Important consideration
for ejection seats, which should be totally free of dependence on the

aircraft avionics,

Types of gyros used in present day systems include laser-driven,
dry~tuned, fluided-floated and even angular accelerometer with integration.

An angular accelerometer can thus provide both acceleration and rate
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information, greatly reducing system size and complexity. Laser-driven
systems are still in the development stage and are quite expensive,
Dry-tuned or floated gyros take several seconds to come up to speed, so
must be turned on before ejection. DNDry-tuned gyros appear more practical
for ejection seat applications. This system would be aligned prior to

flight and remain powered during the flight.

If the decision is made to "live with" the pre-ejection start up needs
of inertial sensors, then the system can be periodically given an attitude
reference from the main alrcraft avionlcs system. The rate of update is
related to the drift rate of the seat sensors; slnce these would bhe a
lower grade, due to reduced performance needs in this area, the drift rate
would perhaps require an update every 5 or 10 minutes. Between updates,

the system is tracking the seat's attitude variations.

Strapdown systems consist of two major parts, a sensor package with
associated electronics and a digital computer for performing the required
strapdown calculations. One present system used for a torpedo uses no
forced air cooling and the entire system, including seunsors, power supplies
and electronlcs are all in a box that welghs six pounds. All strapdown

calculations are performed in the same unit.,

Such systems require some modification prior to ejection seat use,
particularly In the area of weight, slze and power reduction. Data
processing can be performed by the controller microprocessor; however,
utilization of raw data from a strapdown system usually costs 300 to 500

KOPS in machine capacity.

The strapdown attitude reference system is attractive in several ways
for application to ejection seat control. Because It contains rate
lntegrating gyros, rates can be picked off and separate rate sensors for

the control systlem are not required.

A three-axis strapdown rate assembly was tested for use In the B-l
ejectable crew model. The rate gyros were spring-restrained, employed a
compensated damping mechanism and were operated both durlng pre-cjection

and eject ion phases. The GR-G5 gyro (Northrup Preclslon Products Divislon)

was employed, which has the following characteristics shown In Table 5.7




TABLE 5.7 NORTHROP GR-G5 GYROSCOPE

input range 360 deg/sec

vibration 20 g; 20-2000 Hz

acceleration 40 g, any direction

shock 300 g/7 msec

temperature -80 deg (F) to +203 deg (F)

rms bias error 0.9 deg/sec (resolutlon hysteresis + )
- nonlinearity)
E rms scale factor error 0.5%
E rms linear acceleration- 0.1 deg/sec/g

sensitive error
rms angular acceleration- 0.0005 deg/sec/deg/sec**?

sensitive error

Model GR-G5 has been used in tactical missiles such as the Maverick,
Sparrow and SRAM, as well as the F-16 autopilot. It weighs 4 ounces,
occupies about 2 cubic inches and costs less than $900. Maximum angular
rate 1s 600 deg/sec and the environmental limits are 10 g mms/20-2000 Hz
for vibration and 100 g/11 msec for shock. The error characteristics are
0.05 /sec/g mass unbalance, and 0.10 /sec in null stability. This
instrument could be used on the ejection seat without major problems,

partlicularly if production per unit costs can be reduced.

Northrop Precision Products Division manufactures a rate Integrating
strapdown gyro, Model GI-G6, which weighs 4 ounces, occupies about 2 cubic
inches and costs $2000. Other specifications are 10 g rms/20-2000 Hz
vibration, and 100 g/11 msec shock. Total drift error would be less than 1

degree/minute for expected ejection seat maneuvers.

Radar Altimeter. These devices offer great potential for ejection

seat use; however, there are some problems to be dealt with.

The technology is well established; there is only the need to apply
it to ejection seats. These devices use LSIC or gate arrays. They are
rugged, good at low altitude, and can be configured to provide attitude

information as well. This would be a packaging benefit. 1f a sufficiently
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large commitment for development were made, the devices could be reduced
greatly in size and weight. There 1s also a need for comprehenslve
analysls to determine the optimum beam width and operating frequency for
seat use, This is due in part to the fact that the aircraft interferes
with the beam in its efforts to locate the ground. The problem is
solvable, however, The tracker can acquire within a few msec, which is

much faster than most comparable devices,

Fluidic Platform. At this time the principal developmental challenge

is maintenance of accuracy over the requlred temperature range. This may

require Reynolds number control,

Results. Tables 5.8 and 5.9 present the results of the trade analysls
performed on attitude/altitude systems. With all factors considered, as we
have weighted them, the radar altimeter offers the best option for ejection
seal purposes. This is in part true here because we are not weighing
development costs very high. This aspect also benefits the strapdown
system relative to fluidiec platforms. The former benefits from its proven
technology, which tends to offset a performance disadvantage with respect
to the flvI.’c platform. Final ranking properly awalts specific

development for seat use.

5¢5¢1.2 Attitude Rate Sensors. Attitude rate sensors belng

considered are rate gyros, fluidic rate sensors, (integrating) angular

accelerometers, strapdown gyros, and vibration rate sensors.

Rate Gyro. The conventionnal rate gyro s a device with a
constant—-speed wheel which estahlishes an angular momentum vector and
resultant spin reference axis. The wheel is typically contained in a
cylindrical chamber (float) which Is, in turn, suspended in a viscous
damping fluid. The floal is constrained to rotate about an output axis
which is orthogonal to the spin reference axis. Rotation angle of thne
float depends upon the spring rate of a torsion bar, and is measured by an

electromagnetic pickoff,

Because of thelir small size and versalility, rate gyros are the most

widely-used devices for ratle sensing in the control field and are a mature
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.; technology. MTBF's (Mean Time Between Fallure) of 20,000 hours are Ny
:: realized with present systems. Due to warm-up times of 20 seconds or more, sﬁ
At they would have to be turned on for the entire flight. This requirement w3
v makes them less appealing as a group than fluidic rate sensors. Other Py
}. "problems” with respect to other devices such as fluidic rate sensors are %'
,; that these systems usually cannot tolerate 20 g shocks (spin motor . ;%
‘ bearings). There are exceptions listed bhelow, however. Also, some units ’
AN require much power (4 watts or so), and linearity may not be as good b
N (although likely adequate for seat control). ) ii
;; A typlcal representative of this group of rate sensors 1s the Northrop :i:
. GR-G5 rate gyro. Its startup time is 30 sec, which requires that it be ;
;: running continuously while the aircraft is in operation. It has an input ;;
:E range of +/- 360 deg/sec, which is also a liability, since rates up to 1000 t%
N deg/sec can happen. 1Its other features are fine for seat applications: Qi
P very light (4.5 oz.), good temperature range, small, and can operate in a fg
E 40g acceleration field. g;
f: A better candidate in terms of performance is the Timex TAGN30) series. &?
i This Is a 2 axls, gas activated gyro which ls being used on short range a
k‘ tactical missiles. A compressed inert gas spins the rotor, and the system &t
? can operate for 50 sec. Two such units would be needed for the seat k:
,f control system. The unit tends to be large (1.8 x 1.9 x 3.45 in.), and ?t
] weighs 8 oz. 1t is Inexpenslve (exact cost not available), and can be '
? "customized”. The TAGO30 suffers from startup times also, although the f?
:g time has been greatly reduced, to 300 msec. Reducing the rotor mass or :51
3 increasing the gas pressure may make this unit a good choice. Any accuracy :i
- loss arising from such changes is a worthwhile tradeoff. iﬂ
;- Honeywell offers a magnetohydrodynamic rate sensor which has several Z;
f; good features for seat use., The (GG2500 is " axis sensor (thus, only 2 :;
;‘ unit are needed), very small and light, with ' .e temperature range and égi
- good response lime. 1L Is rugged, low cost, mec 'nically simple - offering ﬁ:
:E excellent reliability, radiation Iinsensitive, and 1s been used ’ i;
}: successfully in related applications such as air and ground launched kz
= missiles, seekers and RPV's. 1Its major drawback at this time is the '\;
- 174 C.
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startup time, which is 3.0 sec. Development is needed to Improve this

feature.

Fluidic Rate Sensor. Fluidic Laminar Rate Sensors {(LARS) are based on

a well-developed fluidic amplifier technology. A typlcal fluidic amplifier
consists of a high pressure fluidic supply, amplifier nozzle and a jet
splitter. With equal control pressures on at two oppositely-directed
control pressure ports, the jet divides equally across the splitter.
Differential pressure at the two ports leads to a higher differential

pressure at the output ports.

In a LARS, the two control ports are not required., If the device
rotates, the (inertlal) effect is to divert the flow to one side of the
splitter. However, the same amplification effect still operates, giving a
sensitive indication of angular rate. 1In actual practice, control ports

are somel imes employed for trimming of null offset,

1LARS are relatively cheap, can come on-~line qulckly (less than ten
msec), are very reliable and rugged and have a low power requirement.
Linearity, null affect and threshold requirements are comparable to
electre~mechanical rate sensors and the dynamic range Is about 1000

deg/sec. Finally, this device has no moving parts.

A more expensive alternative to LARS is the super jet rate sensor,
which uses the principle of Coriolis acceleration which deflects the jet
stream In the presence of angular velocity. One such device, used in a
cannon projective, weighs 12 ounces and has ¢ 25,000 hr MTBF. Warm—up time
is 1.5 sec, so that this system is not practical for ejection seat

spplicatinns.

An interestling unit recently tested for the Alr Force is the
S nper/Keartoll Conductive Liquld Angular Rate (CLAR) sensor. A conductive
liquld (mercury thalllum) annulus in the gap of a permanent magnet moves in
response to angular motlon, and its conductivity in the magnetic field
changes In a measurable way, according to Lenz' law. Tt is a single axis

sensor, and requires no external power, an excellent feature. The liquid

cr
.

freezes at -75 deg (F), so this is acceptable as well. 1t offers high
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5 reliability, low cost and long life. Each unit is somewhat large compared ;;‘
to many similar units (30 cubic inches), and it 1is new technology. E;.

A

In our oplnion the most attractive rate sensor for ejection seat FE'

. applications will have performance similar to the Garrett Airgyro. This is ':'
4 a fluidic rate sensor with no moving mechanical parts, small size, low EE
K production cost (about $1 per laminate), minimal complexity, and very ;
, light. 1t has exceptional startup specs (2 msec), acceptable dynamic ‘:,
. response (over 50 Hz bhandwidth) and input range, and minimal hysteresis or ) gsﬂ
deadband dynamics. 1t has been proven successful in high-g aerospace ;1;
applications, long inaction times, and is Insensitive to electromagnetic Sl
interference or pulses (EMI, EMP). The Garrett unit has electronic or _;:

fluidic interfacing. ig;
o

Vibratory Rate Sensor. Vibratory ralte sensors use an oscillating i:f

i inertial body constrained to a base, agalnst its natural tendency to :ﬁ*
: preserve an inertially-fixed base, and the torque associated with such E;%
) constraint 1is taken as a measure of the base rotational velocity. Two ;;ﬁ
. types of sensors will be discussed -~ vibrating wire and vibrating beam ;}i
types. ;::

The vibrating wire rate sensor uses a vibrating wire as Its inertial ii:

reference. FEqual lengths of wire are jolned at the middle and each half g“%

passes through mutually orthogonal planes. Any turning rate applied to the "uh

3 sensor causes the wire to vibrate in an elliptical path due to Coriolis t&ﬁ
) forces, crossing the perpendicular flux field in the other half of the wire ;jf
; containing the signal magnet. The resulting signal is picked off and ;?f
amplified. One current system consumes less than one watt, has a warm—up f;;

time of 0.1 sec and a 75,0N0 hr MTBF, ::;

The vibrating beam sensor consists of a rectangular cross section beam ?;P

supported at its modal polnts and driven along one of the principal axes at " ;’;

its fundamental frequency. When an angular rate is applied along the :nf%
beam's longitudinal axis, sinusoidally-varying Coriolis forces cause motion j'i?

of the beam along an axis normal to the drive axis. This orthogonal ﬁttz

sinusoldal motion provides the sensor output, which Is proportional to the o

176

P PN A N NONTNE

T e e N A Nt e Nt e e e N T A e . N R AP B R R T
A AN e e s N T




" T e
S, S A R S

input rate. System reliability {s not high enough to warrant consideration

for ejection seat control.

Results. Tables 5.10 and 5.11 present results of our trade analyslis
of rate sensors. It includes some devices not specifically mentioned
above, Again, final rankings depend heavily on assigned weightings. The
Honeywell GG2500 scores very well because of its very small size, and its
multi~axis design., 1t is assumed that 1lts startup problem can be overcome
with development expense, not welghted heavily here. The CLARS sensor is
less proven, although offering much promise, and it may lose performance if
reduced to the sire needed for seat use, due to physical limitations. We
would also recommend consideration of the Delco hemispherical resonator

gyro (HRG).

5.5.1.3 Angular Accelerometers. The angular accelerometer is

comprised of two basic elements ~ a servoed angular accelerometer and a
solid state Integrator with automatic washout. 1t operates on the
force-rebalance principle, with a seismic mass that tends to remain
undisturbed when angularly disturbed. Relative angle between seismic mass
and case [s measured by a pickoff and Integrated to give angular rate.
Thus angular rate and acceleration information is avallable in principle.

A washout circuit is used to offset long~term null and biases.

The typical unit weighs 10 ounces and has a 30,000 hr MTBF. This high
reliability is due to the fact that there are no spin motors or wheel
hearings to wear out. Power consumption is less than one watt, and it has
been qualified to -40 deg to 200 deg I temperature and a 500 g/11 msec
shock environment, Warm-up time iIs 0.05 sec so that it does not have to bhe
started until the ejection procedure begins. It is a
single-degree-of-freedom device and, with its self-test fealtures, is an
Altractive candidate for rate sensing. Further, it can he multitasked lo
provide both angular acceleratian and rate, as either main or redundant

inputs.

Nne specific unit is the Systran Donner accelerometer, This is a

fluidic device which requires less than | watt of power, and weighs less
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than 10 oz. 1t has been used on military and commerclal aircraft as a rate
sensor, 1Its size is rather large, but could be offset by a redesign to
provide both acceleration and rate. 1Its output range is +/- 1150
deg/sec**2 for acceleration and +/- 20 deg/sec for rate. The rate limits
are clearly unacceptable, but could presumably be improved. It can
withstand 100 g shock, has no mechanlcal moving parts, is very linear Iin
response, and easily iInterfaced with electronics. Two other appealing
features are fast startup and low cost, and it also has self-test
capability. The major drawback in addition to the rate range is the low
temperature operating limit, now at -~22 deg (F).

It seems that a better unlt is the Schaevitz ASM. This device is a
servo accelerometer, and it has very appealing size (1.8 cu. in.,), welght
(2 oz.) and operating temperature (-67 to 203 deg (F)) specs. FEach unit is

single axis, costs about $800, and requires 15 volts DC, and 10 ma.

Results. Tables 5.12 and 5.13 present the results of our angular
accelerometer trade analysls, Again, the recommendation is to consider the
top few scorers, since further development for specific seat use, not
weighted heavily here, could produce a better device. In fact, all four

devices here should be retained in consideration.

5«5.1.4 Acceleration Sensors. Conventional low cost acceleration

sensing technology 1s accurate to within 2 percent or so, which is adequate
for ejection seat control. There are several units In production today
which appear to offer all of the key specs needed for ejectlon seat
applications. Size, welght, performance, power requirements, and

reliability of several candidates would be within seat requirements.

Sunstrand Corporation manufactures a flight control grade
accelerometer, Model QA900, which has been used for Navy tactical missiles
such as the SMl, SM2 and Harpoon. The instrument meets MIL-883B, weighs 65
grams (2.3 oz.), occuples less than one cublc inch of space and costs about
$1000. 1Its operalting temperature range ls also acceptable. One unit is

needed for each axis. The environmental specifications include:

vibration 3 30 g/20-1800 Hz

12 g rms/random

180
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shock ;250 g/5 msec &%
' W
The instrument measures 50 g full scale and is quite accurate. fi

3+
%

e
[)
>

: Another competitive instrument is a pendulous A/C excited tﬁﬁ
. <
v accelerometer manufactured by Timex. Volume is less than one cubic inch, lgé
welght less than one pound and the price is about $500. Measurements up to I
. o~
. O 40 g can be made and shock up to 400 g can be tolerated. Error :ﬁf
' e
g characteristics are: e
Y
[y
temperature effect ; 0.04%/ C
. total error ; 2% at full scale e
- K
o Northrop Precision Products Divislon manufactures the APS-5 e
, h""
accelerometer, whlich welghs about 4 ounces, occupies about two cubic %
inches, and costs about $700. Measurements to +/-20 g's can be made, and !
¢ ."..-
the device meets the following speclfications: uj-
‘..":.
; vibration ;10 rms/20-2000 Hz S
shock ; 100 g/11 msec, half sine g
s angular rate ; 600 /sec N
-' ‘::
- \3\
o The error characteristics are: N
_, o2y
- of fset ;s 1 ft/sec N
3 scale factor ; 2% :%'
] ::{:
Columbia Research Labs makes a servo accelerometer, the SA-120. 1In ;}
this unlt the selsmic mass is not mechanically constralned, so that there =
3 is minimal hysteresis and nonlinearity. The devices are very small in slze o
? and welght, and can sense over a range of 0 to 50 g's, :k{‘
' A final unlit which is highly attractive [s the Entran EGA3 series. A {
. triaxial system can be placed in a 1 cublc inch volume, and the output :}{
f signal(s) are high enough to not require amplification. 1t weighs 17 iﬁ
A
N grams, requires 15 volts power, and has fine thermal properties (although e
. q
its low temperature limit, <40 deg (F), could be a bit improved). @
N N
2
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o Results. Tables 5.14 and 5.15 present the results of our i
: accelerometer trade analysls., A highly appealing device for seat use, not Et
: included here due to late arrlval of data, 1s made by Insouth Microsystems. ﬁ{
3 The unit 1s measured in milliinches, and is very rugged. It could well o
outscore the devices presented in Tables 5.14 and 5.15. Of the latter, the -
4 Entran performs best of several good designs. ‘ia
: o
b 5.5.1.5 Combined Angular Rate and Acceleration Sensors; Strapdown - L:
Systems. Strapdown systems differ from the more conventional gimballed X
Lf systems in that the sensors are mounted directly on the ejection seat and - gﬁ
- the transformation from the sensor to Inertlal reference frame Is computed :i
- rather than mechanized. The potential advantages of strapdown systems over §i
stabilized platforms include lower cost, reduced weight and power -+
i consumption, increased reliability, ease of maintenance and manufacture, ;i
? and redundant design. An on-seat microprocessor can perform computations. sg
3 ;
Strapdown technology has been operational for over fifteen years and =
,? has achieved a mature status. Originally held back by computational &i
i requirements, there ls now a widespread increase ln their use, due both to &u
; major advances in computer technology and sensor designs with increased !3
a dynamic range and vibration accommodation., Lower costs are related to the Eg
) fact that strapdown systems can perform well with lower cost production ::
; grade gyros. However, startup time is a major problem with most gg\
- off~the-shelf strapdown units. This would offset any potential ?q

(]
-
4

packaging/integration advantage.

v Strapdown navigators generally iInclude hoth gyros and accelerometers o
f and associated speclal-purpose computer circuitry for performing the ﬁﬁ'
: required sophisticated data processing. This self-contained, or modular, t;
approach allows redundancy for increased reliability to be implemented at r:
. the sensor and component level, rather than the system level. K?
R O
: DR
N Strapdown gyros are usually of the rate integrating type and generate <N
: incremental angle pulses over fixed sampling intervals, which can be gag
Aa) Al
- converted directly into angular rates. Spinning mass gyros are “caged” N
« N
: electronically to the gyro case by servo commands, called rebalance o
. "
A 1) L]
kg
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Ltorques. Laser gyros are also available which do not require caging. 2¢‘
However, current technology laser devices in general are not appealing for
ejectlon seat application, due to power, cost, and reliability

considerations.

The transformation from sensor to inertial frame is done using a set

f‘g ?

r

of attitude parameters such as Euler symmetric parameters, Hamilton's

quaternions and Caytey-Klein parameters; a variety of other sets have been :::
proposed, each capable of avoiding the "gimbal lock" singularity. The ;:}

parameters are found by solving a set of kinematic equations. These

equal ions must bhe solved at a very hlgh rate to minimize computational

I' d
s
.

error. An alternate approach, the clectrostatic gyro, obviates this

e
b "oy e e
T .
P

problem entirely by measuring the paramters directly. i,;
;E.

Present-day systems are easily capable of accuracies exceeding 0.1 N
degrees in attitude and 0.02 ft/sec**2 in acceleration in a severe 33'
environment such as seat ejection, as long as the sensors are calibrated ;5
periodically (several times per hour). e
Quite often, the capability of such systems is excessive, especially &t!

for the cost involved. Strapdown navigators made by Litton Systems and ;}E

Honeywell, for example, cost $50,000 or more, totally unrealistic for

ejection seat needs,

Conventional Systems. Conventional systems are often referred to as

multisensors. An example of such a sensor package is the Rockwell (Collins
Avionics Division) Multisensor which is a small, low cost device developed
for tactical missile applications. Each sensor ylelds two rates and

acceleration normal to spin axis. Two such sensors yield the required

three axes of rate and acceleration while providing redundancy along a

preselected, most sensitive, direction. “‘?
—alo

Y

This system achleves somewhat higher accuracy than conventional L
systems. For example, rate measurements are accurate to about 0.03% of -qu
tull scale, while the acceleration offset error is about 0.N47 of full o

scale,
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The unit is still under development, but prototype units and test data
are available. Presently, a development effort is underway to design a
sensor that is compatible with tactical missiles, for the U.S. Army

Missile Command.

5«5.1.6 Pressure and Air Data Sensors. Direct measurement of

pressure is a highly desirable abllity for effective sequencing and control
of the ejection seat. Some systems compute pressure altitude as well as

static and dynamic pressure,

A pressure transducer which seems to satisfy most seat requirements is
the Garrett quartz pressure sensor, P/N 2118132~1. This unit is light (5.4
oz.), small, does not require periodic maintenance, has an acceptable
temperature operating range, dynamic range, and measurement range. The
warmup time is 200 msec, which may be adequate, but could be improved. A
larger problem which may be able to be designed out is the low acceleration

tolerance, 10 g's along any axis.

Other manufacturers make pressure transducers of comparable
performance to the Garrett, but the latter is at least as good in all specs
important to seat use. Entran, Sensym, Rosemount and Foxboro/ICT are some

of many suppliers of usable units,

In the area of wind direction sensing, Rosemount makes a flight test
boom for direct measurement of angles of attack and sideslip, but this
device is too bulky and limited in operatlon range to be considered.
However, a technology effort almed at the ejection seat application may pay
off.

Another interesting device developed at the US Air Force Academy for
NASA/Ames is the seven-hole probe. This conical device can measure angles
of attack and sideslip, as well as alrspeed. Only laboratory models have
been built, however, and this type of technology may be lagging too much

for ejection seat needs.

Finally, Garrett is committed to develop a sensor for seat use, 1t is
a device about 0.5 inches in diameter, very light, and less than a foot

long. 1t can measure airspeed magnitude and direction.
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! Results, Tables 5,16 and 5.17 present the results of our trade study ::i.
l for pressure sensors, and Tables 5.18 and 5.19 present results for the air e
data sensors. ?‘:—
o
There are several small, rugged and rellable pressure sensors Lo :9'
e choose from. Three are clustered at the top, by our ranking scheme, but % &
) others should be considered should factors weighted less here, such as K
r - cost, hecome Importani later. ;ti
L
The air lata sensors have not yel been adapted for seat use, hut all -',
H otter new technology advances over current seat sensors, partlceularly in s
the ability Lo measure wind direction., Therefore, current seat ailr data
8 sensors are not included.
A
A 5.5.2 Thrust Actuation Hardware., A somewhat different situation Is
) encountered in performing a trade analysis of propulsion hardware for i
active control of ejection seats, than is the case In analyzing the sensor t?%
hardware tor this coatrol system, 1In Lhe lalter case, most of Lhe :fk
- components are nearly ready for use "off the shelf”. Concerning propulsion ;ii
) systems, there Is - as with the sensors - a wlde range of devices and a ‘{:
technology level which offer promise of meeting the major goals of an
" active thrust control systeme. However, there [s as yet no complete
4: propulsion system ready to be attached Lo a seat and perform to the .
requirements of the controller being designed in thls project. sﬁk
; Thus, we are doing much "projection analysis”™, assuming that ;j&.
sufticient development effort will be undertaken which will lead to a fﬁh
complete, integrated system. This means that the weighting factors for :“:
propulsion systems differ from their sensor counterparts, Also, we have ; -
) kept the fipare of merit scoring range closer, from 0.7 to 0,9, to reflect f -
- the notion that a concept which now scores relative poorly may outperform .
o the olhers when full developmeni for the seat application Is Initiated.
Another aspect here (s that the weighting is seleclted not only for the
) obvious sysilem requirements, such as weight, cockplt size, etc., but for
;: our speciftic control system deslign. This desipgn, If fully implemented,
b will requlre, tor example, at least three nozzle systems.  More control
%
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system requirements are dlscussed below and throughout thls report. For
now, we recommend that the two or three concepts which score well in this
analysls recelve detalled attention in future design and analysls work, but

that the other concepts also receive consideration,

After much preliminary review, which Included meetlngs and discussions
with key manufacturers, we have selected seven generic concepts for
analysis. The results are presented in Tables 5.20 - 5.21, which represent
three levels, top to bottom respectively. The companies which supplied
most of the data Include: Garrett Corp., Stecel Aero Englneering, Atlantic
Research Corp., Martin/Marletta, TRW, and Morton Thiokol Tnc. Because much
of thelr data ls proprletary, we only reflect It Indirectly In the decision

matrlces of Tables 5.20 - 5.21.

Blueline drawings for the MMOA and Stencel concepts are presented iIn
Appendix B. We now discuss bhriefly these concepts, and later on, interpret

the results.

The three major propulsion subsystems of interest to the control
engineer are the energy source, and the means of vectoring and modulating
the thrust. Key features of the propellant (energy source) include
packaging, storage abillity, reliabllity, high specific impulse density, and
non-volatility. Almost certainly, solid fuels will be used because of
their past performance in meeting the particular seat requirements. A very
appealing fuel is a gel-like substance developed by TRW. 1t has very high
volume efficiency, in addition to fine storage capablility and the usual
attributes of solids. However, the thrust modulation requirement and the
fact that solids can be difficult to turn off may result in examination of

liquid systems. (Fluidic systems are very prominent as actuation devices.)

Thrust vectoring ls achleved by reaction jet control or thrust vector
control, the two major generic classes. The concepts presented here are a
mix of these classes. Actuation systems should be of the pyrotechnic warm
gas or cold (stored) gas variety, as electrical or hydraulic systems are

not practical for ejection seats. Many actuation concepts were reviewed

during this project. Fluldic TVC, movable nozzle TVC (e.g., trapped bhall),
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and TVC via mechanlcal deflection were the key concepts considered.
Mechanical deflection Is achieved by inserting tabs into the exhaust
stream. There [s typically a large loss of axial thrust when the vanes are
at maximum deflection. Also, the net angle of deflection generally is
smaller. The fluidic systems offer high reliability, fewer moving parts,
and generally lower welght. As such, they are quite attractive. Garrett

is a leader in this technolaqgy.

Modulal ion of thrust is also critical for our control design, in order

to achieve acceptable performance over the full escape envelope. Severat

concepts were examined, including pulse motors, overboard bleed, variable

area nozzles, multiple motors, and manifolded systems.

The control system requirements dictate a minimum of three

"independent” nozzle/actuatlon systems. By independent is meant that

thrust magnitude and directlon settings of any one nozzle are not dependent

on those of any other nozzle or nozzles, but only on thelr own mechanical

limitations. More strictly, two fully Independent and one partially

independent nozzle are sufflicient to perform the comblned attitude and

trajectory control tasks. 1In Section 7 of this report we discuss the

controllability aspects in more detail.,

Our simulations to date indicate a requirement for about 4000 ft-1lb

torque capablility, and aboul 9500 lb total force. The torque requirement

{s directly related to the aerodynamic moments which can be generated at

the high Q (dynamic pressure) limits of the escape envelope. Similarly,

the force requirement is derived from the need to offset the aerodynamic

decelerations at high Q, so that the pilot's acceleration radical fis

tolerable, and by requirements relating Lo trajeclory control - c..,

avoldiance ol parts of the alreralt durlng ejectlon, and achieving

sufficient altitude rate for safe chute deployment,

The high Q escape condition and the various adverse attitude

. conditions force the propulsion system to react very rapldly to changes in

the dynamic enviroument. Our studies done to date Indicate that thrust

vectoring rates of the order of 600 to RN0 deg/sec are required, and that

the sustainer rocket glmbal cone angles should he close to 40 degrees.
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One model whlch has heen analyzed extenslvely consists of three
nozzles (motors). One ls located in the x-z plane, and has more total
impulse than the other two. This may be consldered as the sustalner motor.
The other two are "mirror images™ with respect to the x-z plane, and have
less total impulse than the sustalner., These "vernlers” are like RCS
rockets, while the sustainer will likely have a gimballed nozzle. See
Section 3.2.2.3.

An extremely attractive candidate for the vernier actuatlon system is
the Martin Marietta gated fixed pintle poppet valve. It has excellent
response characteristics, and seems capable of achieving the high slew
rates., This concept has been simulated and performs very well using the

control law described in Chapter 4, See also Section 3.2.2.4.

Garret! Corp. also has attractive actuation systems, which could also
be applied to the sustalner nozzle. Thelr systems have bandwidths to 100
Hz, and are offered as low cost, reliable, fluidic systems. The major
question with regards to seat applications 1s can these systems move as
quickly the thrust levels required by the seat. Garrett has developed
fluidic reaction jet control systems for rocket nozzles, and these seem to
be possible competitors to the Martin Marietta valve. They are
lightweight, low cost, simple mechanlcally, very reliable, EMI insensitive,
good dynamic response (not quite as good as Martin Marietta), and possess

high packaging efficiency.

Summarizing the Tables 5.20 - 5.22 design concepts, the first two were
studied by ARC in thelr selectable thrust project; the last two similarly
were studied by MTII in their selectable thrust project. We state here that
our weighting and performance scoring is different, because we are relating

these concepts to our particular design. The Martin/Marietta High Force

:“.A.

Gain Valve actuation system is listed, with the assumption that the .
-

extensive development work required, not weighted heavily here, will be :}:ﬁ
P

done, AN
- .1"\-

\;\

Finally, the fourth and fifth concepts in the tables are from Garrett. ~;

The pneumatic TVC actuation concept has proven performance In other ;:¥
applications, P :
Y
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t Results. The rankings In the tables must be considered in light of ! J
k the discussion above., There are built in assumptions and expectatlions :*u;
relating to further development, which must occur if the concepts are to be .fif
realized. Nonetheless, our best available information to date leads to a 'ﬁa

clustering of concepts which coincides with what are felt now to be very N
attractive concepts. An integrated design effort for thrust modulation, a ;ﬁt
actuation and propellant will likely include major subsystems from the 5
Martin/Marietta actuation scheme or the Garrett fluidic or pneumatic . i;&
concepts. It is recognized that other manufacturers may actually develop fil
. better systems than the ones presented here, but these are considered ;ﬁl
generic concepts at this time. i;t
RCA
; 5.5.3 Summary and Recommendations. Many systems can comfortably meet ;ig
the ejection seat control system requirements. An example of this is the i?i:
accelerometer. Others, such as rocket actuators, must be carefully o
compared and evaluated, because the requirements are at the limits of the :?i

technology. All of the systems are subject to the real and severe

e constralnts of slze, storage ability, weight, reliability, low cost, and

good performance in all extremes of the environment. f{*
Based on manufacturer's specifications, the recommended control system :t;y
hardware components are, in order: géf
on

1.) Attitude sensors: radar altimeters I
micrad sensors }:}

fluidic integrating rate sensors f:i

(Garrett) ;$§
B =:6

2.) Attltude Rate Sensors: Garrett Airgyro Y

L~
Honeywell GG2500 S
Northrop GR-G5 rate gyro Qk:i
b
Singer/Kearfott CLAR ¢ b 3;

3.) Angular accelerometers: Schaevitz ASM . :j:

T o

Systran Donner ie:
‘;.‘;-.

‘\
4.) Linear accelerometers: Entran EGA3 i
Columbia Research Lab SA-120 N

RS
s
.:.\
N

v ¥
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5.) Pressure/atmospheric sensors: Microswitch 230 PC

Schaevitz P710

6.) Alr Data Sensors: Garrett

@& 7.) Thrust actuation systems: Martin Marietta
Garrett
; ( recommend using results of ARC

and Thiokol selectable thrust

deslign, analysls projects )

T r—

*U.S. GPO: 646-066*
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