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Preface

This thesis set out to demonstrate that a microprocessor could

be used as the central element in the autopilot for the XBQM—106 Mini—

RPV. In addition to fulfilling this goa l , we have shown that the

autopilot can be constructed at ultra—low cost, a primary factor in

the XBQM—106 program. Also , for the first time three important tasks

have been accomplished : the data pertinent to this subject has been

brought together in one place , a thorough literature search of the

subject area has been made , and a complete control analysis of the

factors relevant to the control of the XBQM-106 has been made. In

short, a solid framework has been laid for follow—on development of

a flight—capable autopilot and the incorporation of additional features

into it.

We wish to thank the personnel of Flight Dynamics Laboratory’s

• a Min i—RPV Group for suggesting this project, providing the majority of

• : the basic data needed , and giving freely of their time to assist in

innumerable ways. We also would like to thank Dr. Gary B. Lamont for

his overall guidance and encouragement. Fina lly, special thanks must

go to Mr. Keith Jones of the ASO Computer Center Hybrid Simulation

Branch. Without his help, verification of our results would have been

impossible.

Olin 0. Koger

Dale E. Tietz
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Abstract

The development of a di g ita l autopilot for the XBQM—b06 Mini—

Remotely Piloted Vehicle (RPV) is described . The design is based on

the RCA CDP—1802 microprocessor with ultra—low component cost as a

primary goal. The digita l autopilot is developed through the bread—

board stage, and performance testing is accomplished via hybrid simu-

lation . First , aircraft transfer functions are der i ved from aerody-

namic wind tunnel data. Then a complete control analysis is made of

the existing analog autopilot , sensors, actuators, and aircraft dyna-

mics. This is followed by synthesis of the digital algorithms (inc l ud—

ing a dig ita l filter) by means of digitization . Hardware is selected

based on system requirements , and hardware design details are included .

Software to execute the digita l algorithms is developed and descr i bed.

The results of testing by hybrid simulation show that the performance

of the dig ital autopilot is comparable to the existing analog auto—

pilot. Finally, recommendations for the follow-on study are included .

xx ii
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MICROPROCESSOR-BAS ED DIGITAL AUTOP ILOT

DEVELOPMENT FOR THE XBQM-106 MINI-RPV

I. Introduction

The past few years have brought about rapid advances in the field

of microprocessor technology and applications. Impressive economies

associated with this techno l ogy can be achieved and include such bene- 
S

fits as Increased performance, flexibility, reliability, mainta inability,

modularity, density, and decreased component costs. For control appli-

cations , digita l processing circuits demonstrate far less drift with

respect to such factors as temperature, voltage, age, etc., than analog

circuits , and result in very prec i se repeatability from unit to unit.

The microprocessor and its constituent analog/dig ital circuitry is now

the vogue in desi gn engineering (Ref 6;1u5).

Statement of Problem

The Mini—RPV (Remotely—Piloted Vehicle) Group of the Air Force

Flight Dynamics Laboratory (AFFDL) at Wright—Patterson AFB suggested

that an investi gation be conducted into the feasibi l i ty of designing a

prototype di gital autopilot (Alp) for the XBQM-106 Mini—RPV. The A/P

should be microprocessor—based , emulate the already existing KBG Corp—

oration analog A/P , and be designed with ultra-low component cost in

mind . : Performance of the digital A/P should be compared to that of the

analog A/P whIch has been modelled on the Comcor/Sigma 7 Hybrid Simula-

tor at the WPAFB Computer Facil i ty. Actual flight testing of the re—

1
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sultant A/P should not be considered but could be Included in a fol low —

on study.

After eva luating the nature of the problem , It was determined that

the analog A/P and its associated control loop characteristics had been S

developed by ind irect “hand-tweaking” of gains based on simulation and

flight testing. No conventional contro l loop anal ysis had been accom-

plished to val idate the aircraft and A/P performance. In addition ,

concrete performance characteristics had not been established .

Because of this added aspect, a complete conventional control

analysis of the various loops is needed to verify the already estab-

lished loop gains and to provide a vehicle for further performance

evaluations. Providing this analysis w i l l  greatly enhance the under—

standing of the RPV and A/P dynamics.

Approach

Eva luation of the recommended proposal , stated in a letter from

the Mi n i—RPV Group, yields a basic framework for the development of

this study.

Chapter II develop s the necessary linear system model transfer

functions for the RPV , sensors and actuators. These dynamic character-

ist ics are eva luated from a frequency standpoint for possible inclusion

into linear contro l loop models representative of the 3—axis analog

A/P. Chapter II references Appendix A wh i ch contains an extensive air—

craft transfer function derivation section . For documentation purposes ,

time responses, frequency responses, and root loc i are included for

these functions. In addition , a summary of simulated free RPV time re—

2
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sponses are attached for comparat ive purposes. The results of this

chapter provide the additiona l framework for control analysis in Chap-

ter III.

Chapter III describes the analog A/P and its functional character-

istics. Based upon the constraints imposed by this system , a 3—axis

control loop mode l is generated for the analysis. Transfer functions

are incorporated from Chapter II. Since the primary purpose of this

chapter is to develop a reliable linear system model of the A/P suitable

for control analysis , the measure of accuracy or validity is determined

• by comparing the time responses of the model A/P, axis to axis , with

the simulated analog A/P. Similar forcing functions are assumed. In

order to manipulate the model to produce these similar quali tat ive re—

S suits , the actual feedback gains employed in the analog A/P are used

S d irectly in the linear model. No attempt is made to optimize loop per—

S formance by “gain—tweaking ” or compensation . Root locus and time re—

sponse techn iques are used in the analysis. A spin—off of this analysis

- 

- yields recommendations for improved A/P performance.

~ ‘-~~~ In Chapter IV the control loops of the analog A/P are digitized

and d ig i ta l  feedback cont rollers established. The important factors

associated with dig ital control are investigated . These include: word

length , sampling frequency , transport delay and numerica l errors. The

analog high—pass f i l ter in the yaw rate loop is converted , via the

Tustin transformation , Into a digital f i l ter represented as a linear

difference equation . Once the di g ital A/P model is developed, the next

two chapters proceed with the digital A/P hardware and software des ign.

_ _  
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Consistent wi th the alread y established di g i t izat ion scheme,

Chapter V describes the actua l di gita l A/P hardware design to include

microprocessor and component selection , system build—up, functional

breadboarding of the circuitry and troubleshoot i ng. Schematics illus-

trate in detail the progressive A/P mechanization .

Chapter VI deve l ops the requ i red di gital contro l software and

operating system for A/P operation . One axis at a time is considered ,

5 tested , then incorporated into the main software program. The final

product consists of an interleaved , interrupt—oriented 3—axis control

al gorithm with digital filtering requiring approx imately 650 eirLt_bit

bytes of memory. Flow charting , testing , and eva l uations are included

for support.

To graphically demonstrate the comparative performance character—

istics of the analog and digital A/P’s, Chapter V II ana l yzes the results

of time response testing via hybrid simulation . Qualitative examination

reveals very close agreement both in the transient and steady state.

Sources of errors are discussed . In addition , time response histories

versus samp ling frequency for the digital A/P show progressive perform-

ance degradation for decreasing frequencies. A feasible range of sam-

pling frequencies is thus established.

Chapter V II I  discusses potential areas of improvemen t in the analog

• A/P. Recommendations include stating specific A/P performance criteria ,

re—eva l uating the dynamic characteristics of the RPV actuators because

of thei r overly restrict i ve nature , and investigating the inclusion of

feedback compensation in the control loops to enhance performance. Rec-

ommendat ions for the dig ital A/P include a follow—on study incorporating

‘4
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additional A/P modes (alt i tude hold , head ing hold), actua l flight

testing , and finall y investigating the feasibility of using the new

RCA 1801i microprocessor in a more compact fli ght—testable version

of the current system. Final remarks conclude this study and provide

the motivation for its future continuance.

Literature Search

A thorough literature search indicates this investi gation to be

the only current DOD study of its type germane to Mini—RPV ’s. Only

one other study, sponsored by Melpar Corporation , centers on this sub—

ject, but their results , based on the Fa i rchild F—8 microprocessor ,

are sketchy and proprietary (Ref 33). A list of dig ital A/P studies

particularly relevant to this investigation include:

——Northrop Ventura (MQM—74C) digita l drone based upon the
sixteen—bit TI 9900 microprocessor; proprietary; most -

useful; dated 15 Jan 1978 (Ref 6;4 5)
S ——Numerous missile digital A/P’s from 1973 to present;
- technology old; control analysis still valid (Ref 2;20;26)

——Teledyne Ryan (M—262) Navy Min i—RPV with combination analog/
di gital control system; informative, non—techn i cal; tech-
nology old; dated 24 Oct 1975 (Ref ‘46)

S 

- These few references contain the most up—to—date information avail—

1 
able on specific applications of microprocessor-based digita l fli ght

control/A/P’s to drones, missiles and Mini—RPV ’s. Since the interest

• generated in this field appears to be mushrooming, this study provides

5 a “bench mark” for further Mini—RPV di gital A/P c~evelopments.
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Ii. System Model

In order to easily understand and eva l uate a particular system,

it must be modelled in a manner which is both mathematically tractable

and accurate. This model representation must approximate closely the

“real world” non—linear system. With this in mind , this chapter pro—

ceeds to model the RPV , sensors, actuators , and 3—axis A/P in a manner

suitable for conventional linear control analysis. The definition of

A/P includes all sensors, actuators, and control loops needed to accom-

plish desired aircraft stabiliza tion . RPV system modelling includes

the following :

———general aircraft description

—--genera l A/P model

———RPV transfer function derivation

———sensor and actuator characteristics -

---complete system model

General Description

The XBQM—106 aircraft , as dep i cted in fig. 2—1 , is a lightweight
S 

propeller—driven vehicle——-termed a Mini—RPV (miniature remotely— pilotdd

• vehicle) . This specific nomenclature is adopted from weight and size

parameters described in the AFFDL documen t RPV Flying Qualities Design

Criteria (Ref 41). Primary usage of this vehicle is:

—-—a technology demonstrator (test bed for testing miss ion
profiles and equipment)

——enem y harassment in hostile environment (flown either under
drone program control or as a manually control l ed data—
linked RPV)

6
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Figure 2—1: XBQM— 1O6 Mini — RPV
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General aircraft characteristics include:

-—maximum weight - 200 pounds loaded

——wing span — 10 feet

——fuselage length — 10 feet

——engine — 10 HP McCul l och

--service ceiling — 10,000 feet (approx.)

S 
Additional aircraft parameters may be found in (Ref 29;39).

For RPV fli ght orientation a fixed axis system convention is used

throughout and is described by Euler angles (eg. 6, 4,, 4,) expressed in

degrees (see fi g. 2—2) (Ref 32:208). Since control surface deflection

terminology (eg. 6e’ 6a’ 6r~ 
also plays an important role in the under-

standing of time responses, fig. 2—3 is included as a visual aid.

Conventions are as follows for positive sense:

Elevator deflection; trailing edge down (TED) -~~ positive

6a : Aileron deflection; 6a = (6aL 
_

where

Lefthand aileron deflection ; TED + positive

aR 
Ri ghthand aileron deflection; TED -

~~ positive

6r : Rudder deflection ; trailing edge left ÷ positive

Autopilot Description

Two types of flying analog A/P ’s are in existence, one manufactured

by General Dynamics (Pomona) and the other deve l oped by KBG Corporation

(in—house avionics contractor, M ini—RPV Group, AFFDL, WPAFB). This

study will concern itself only with the latter A/P since the Genera l

Dynamics unit was designed for use with a specific target seeker (Ref 29).

5 
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Longitudinal Axis

H Rol l

• H
-*~ II

CG
Pitch
I .

*

L
Yaw

S (4,,~1)) Latera l Axis

Vertica l Axi s

Figure 2—2: Fixed Axis Convention s (Positive Sense)

*

6a

~~~~~~~~~~~~~~~~~~~~~ ~~ +6

Figure 2—3: Control Surface Deflection Conventions (Degrees) S
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The detailed schematics for the ana log A/P are illustrated in (Ref 29)

and need not be presented here. More relevant , however, is the general-

ized A/P block diagram in fig. 2—4.

At present , the analog A/P is flown in two distinct modes: manua l

ground contro l and free—flight stabilizer.

As shown in fig. 2—4, manua l pulse—width modulated (PWM) ground

control commands direct the aircraft to a desired flight attitude.

With the A/P engaged , this “fly—through” capability allow s for improved

stability. Data—linked commands are mixed with analog A/P outputs in

a pulse—width/analog mixer (essentially a suming junction), and then

directed , in PWM form, to the various control surface actuators.

In the absence of any ground comands, the A/P functions as a wing—

l evelling 3—axis stabilizer. Disturbances such as gusts or down—drafts

are sensed by the A/P, which in turn reacts to return the aircraft to

its original attitude. This mode is very important for free—flight

-

S 

cruise operation.

S 
Note that those items starred (*) in the diagram are future opera—

S tional modes and are not presently incorporated into the A/P.

A generalized 3—axis analog A/P model is depicted in fig. 2—5, and

represents the actual ana log A/P control system. This design is con-

ventiona l and noted in several references (Ref 4; 17; 32). The model

takes into consideration the following set of i mportant system constraints:

——All loop gains are expressed as constants In the feedback
paths only. There are no feed—forward gains.

L...Rate and attitude loop controllers are placed in the feed-
back paths only.

• ——The yaw damper includes rate and lateral acceleration feed-
back.
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——The fl ying A/P has a pulse—width/ana log mixer depicted
in f ig. 2—4. The PWM scheme can be approximated as a
continuous system (i.e. unity gain) and neg l ected from
further consideration (Ref 20).

As shown in fig. 2—5, the A/P stabilizes the three independent

axes of pitch , rol l and yaw. Both pitch and roll have rate and atti-

tude feedback whereas yaw has rate and lateral acceleration feedback.

Sensors on the RPV detect such parameters as angular rate, attitude ,

and acceleration , and feed these signals into respect i ve loop control—

lers. The controller outputs are then summed with data—linked commands,

if any , and then routed to the control surface actuators. Thus, closed—

loop negative feedback stabilizat ion is accomplished (Ref 29).

Now that a conceptua l model is described , It is necessary to de—

termine the respect i ve Laplace transfer functions for the RPV , sensors

and actuators. These are required “building—blocks ” for further analysis.

• Aircraft Transfer Functions

The f irst major requirement to model a control system similar to

fig . 2—5 is to ascertain the necessary aircraft transfer functions.

Since these were not available , they had to be derived . Using current

aerodynamic wind tunnel dat.~ (Ref 39) and an interactive computer pro—

gram (Ref 30;31), called the McG l ynn program , linearized transfer func-

tions for all three axes were determ i ned for three specific flight

reg imes (see Appendix A for detailed derivation and listings).

Altitude (ft , msl*) Weight (lbs) Mach

ease I 1000 135 .125

Case II 3000 135 .125

Case III 6000 135 .125

*Mean Sea Level

- 
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These three cases were chosen to Investigate the sensitivity of the 
S

transfer function coefficients to changes in altitude while keeping

wei ght and mach constant. A visua l inspection of these functions re—

veals an insi gnificant change in the coefficient va l ues. Such small

deviations ind i cate relative stability of the functions with respect

to altitude changes. As such, the prospect of having to employ “gain

scheduling ” when designing the A/P for all RPV operat i ng altitudes is

negated. Based upon this brief analysis , the transfer functions as-

sociated with Case II are chosen for use throughout the rest of the

study. Time—responses , frequency responses, and root loci for all

Case II functions are included in Appendix A. In addition , Appendix

A contains hybrid simulation free—a i rframe RPV time responses to forc—

S 
ing functions nearly identica l to those used in produc i ng the transfer 

S

function time responses. In do i ng so, a direct means of comparison is

• made of the resultant waveforms. Very close agreement exists between

transient and steady-state responses. This qualitative analysis provides

- - a good measure of confidence to the modelling process, but is not an

overriding issue at this point in the analysis.

Since aircraft dynamics are non—linear in nature , linear transfer

function theory makes the following assumptions (Ref 4:2l;30:5):

——a i rcraft is rigid

——earth is the inertial reference frame

——atmosphere is stationary or translating at a constant
velocity relative to the earth

i--vehicle mass, Inertia , and angular momentum due to
spinning rotors are constant

“I
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——vehIcular motion consists of small disturbances
(perturbations) about a reference steady—state
flight condition (equilibrium )

——airf low is quasi—steady

The resulting linear equations are more tractable than their non—linea r

counterparts , and do not unduly restrict the control analysis. Strict

adherence to control surface deflection and angle notation is mainta i ned

to provide continuity. Once the RPV transfer functions are established ,

sensors and actuators must be modelled .

Sensor and Actuator Characteristics

S In order to model the complete control system, the individua l com—

ponent sensor and actuator dynamics must be known or estimated . As 
S

mentioned earlier , the current A/P consists of a vertica l gyro (pitch/

rol l attitude), fluid ic rate sensors (pitch/roll/yaw rates), an option—

at latera l accelerometer (yaw turn coord i nation), and actuators. Be-

cause these devices are l ow—cost and not of MIL—SPEC quality, little

is known or published about actua l dynamics. As a result , it was neces-

sary to derive or approximate each component transfer function. The

rate sensors and actuators required laboratory testing to determine their

frequency characteristics. The lateral accelerometer (pendulum) trans-

fer function was stated erroneously by the laboratory , but subsequent

- 

- 

rev i ew corrected the mistake. The vertical gyro dynamics were specified

in the literature (Ref 51). The following discussion provides an In—

depth analysis and documentation of device dynamics and pertinent char—

acteristics from wh i ch individua l component models are extracted for use

In the overall control model.

15
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Vert ical Gyro. The most cr i t ica l  and expensive ($2400) sens&r is

the commercially available Humphrey vert i cal gyro (VG34-0201—1) (Ref 51).

It provides accurate pitch and roll attitude orientation for the air—

craft. Compared to the aircraft natura l frequencies , the gyro dynamics

are sufficiently high to be model led as a pure gain of unity. Justifi-

cation for this assumption is based upon the fact that the erection system

natura l frequency 
~“~ne~ 

must be much less than the aircraft long i tud i nal

phugoid natural frequency (w~~) (Ref 42:10.25). Specification data in— S

dicates a nomina l erect ion rate of 9 deg/min wh i ch in turn equates to

(line .0026 rad/sec.

(9 deg/min) (1 min/60 sec)(1 rad/57.3 deg) = .0026 rad/sec

Since = .33 rad/sec for the current flight condition , the above

assumption is valid.

- Vertical gyro characteristics include (Ref 51):

———roll displacement (4,) ± 90 deg (± 1 deg)

• ———pitch displacement (6) ± 60 deg (± .1 deg)
S 

——-linearity ± l~ full scale

———normal erection rate 9 deg/min (± 3 deg/min)

———drift 1 deg/min max. after 6 mm of
3 deg reverse

Vertical gyro sensitivities include (Ref 29):

———pitch attitude ± 2.5 volts/± 60 deg = .04167 volts/deg

-——ro l l attitude ± 2.5 -~ lts/± 90 deg — .02778 volts/deg

5 16
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Note: Because this device is so much more expensive than the other sen-

sors , a comparable performance substitute is being sought by the labora-

tory.

Rate Sensors. A low—cost ($2 50) independent 3—axis f luidic rate

sensor has been developed In the laboratory especially for RPV A/P appli-

catior.s. The device exhibits simple construction and excellent perform-

ance (Ref 29;39). Dev ice dynamics were approximated by recording a rise

time of 45 msec to a unit step input. The transfer function can be

modelled as a first order lag with a cutoff frequency (u n ) of 50 rad/sec

as given by (Ref 29;39):

1 = 50
S S+ 50( 

~ 
) + 1 (2—1)

The cutoff frequency is derived from the definition of rise time , wh ich

S 
is the time required for the response to a unit step function input to

rise from 10 to 90 percent of its final va l ue (Ref 18:183). Assume a

nor’ialized first order lag response to a unit step, as a function of the

time constant I and t ime  t, to be expressed as (Ref 32:59):

5 
- -

S

1 — a (2—2)

By letting .045 seconds represent the 90 percent point , as illustrated

in fig. 2—6, manipulation of Eq (2—2) yields a time constant of about

2.3031.
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1 - e  — .90

—t
T

e = .1

t = 2.303T S

Since .045 sec represents 2.3031, the time for one I is found by the
S 

expression :

.045 sec 
— X

2.303 T —

Solving for X yields .0195 seconds. Since cutoff frequency (rad/

sac) is the inverse of the time constant (sec), inverting .0195 sec

yields 51.3 rad/sec (approximately 50 rad/sec) .

Because the dynamics of the rate sensor exceed that of the aircraft

longitudinal short—period by a factor of nearly seven (50 rad/sec vs. 7

rad/sec) , the sensor can be neglected in the control analysis and incor—

porated in the rate loop as a un i ty gain.

Rate sensor characteristics include (Ref 29;39) :

——good sensit ivity range (maximun~ 0 to ± 100 deg/sec

——no ise 0.002 volts RMS

——excellent linearity ± 0.25%

—-small size 88 mm X 88 mm X 63 mm

—-low power consumption 3 watts at 28 VDC

——power required 13—28 VDC

~—3 i ndependent axes (pitch , rol l ,
yaw) in one package

——no hysteris is

19
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——no dead band

——good frequency response

Rate sensor sensitivitie s inc l ude (Ref 29;39):

All 3 axes: (± 2.5 vol-ts/± 50 deg/sec) = .05 volts/deg/sec

Pendulum Accelerometer , For coordinated turn ing performance a com—

mercial ly available , low—cost ($100) pendulum accelerometer is employed

in the yaw axis. A feedback signa l proport i onal to latera l acceleration

in the y-d i rection is produced. Because the aircraft will eventually be

flown in an uncoord i nated yaw—to—turn mode, with wings level , this de-

vice will most likely be excl uded from the A/P. For documentation pur-

poses only its characteristics are included .

Specification sheet data reveals the Humphrey (CP17—0601—3) pendulum

to be highly accurate and long—lived with a natura l frequency (w~ ) of

20.1 rad/sec (3.2 HZ) (Ref 38). Assuming first order lag dynamics , the

transfer function is modelled as:

1 S 
20 

(2-3)

Note: this transfer function had been erroneously entered as 2 
in

(Ref 29).
S • Characteristics include :

—-accuracy ± 1% full scale

——resolution less than .20

20
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——linear i t y  within .5%

“output range ± 450

Note that the output in degrees is proportional , not to sideslip angle ,

but to angular accelerat i on (ay) in ft/sec
2.

Dev ice sensit iv i ty is:

± 2,5 V
± ~ 

= .0556 volts/deg

but

- 

± 45° ~ ± 1 g = ± 32.2 ft/sec2

so in an alternative form,

S ± 2.5 V 
= 0776 volts S

± 32.2 ft/secz ft/secz

Actuator. Several commercial actuators were investigated for possible

S use in the aircraft. Based upon ruggedness, hig h speed, high torque char-
S 

acterist cs, and especially low cost ($39), the Futaba FP—S 1 4 actuator

- was finally chosen. Identica l actuators are employed far deflection of

primary flight control surfaces: elevator , aile.on , rudder (Ref 29;39) .

Each actuator is controlled by pulse—width modulated si gnals in the

S range of 650 psec — 1900 psec , 5 VDC nominal amplitude , with maximum

torque of 13 kg—cm. Internal characteristics dictate a slew rate limit—

ation on rotary angle of ± 450 in .5 sec. at 5 VDC. This implies a

maximum stop-to-stop actuator speed of approximately 90-100 deg/sec of

2~
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unrestricted deflect i on (Ref 44).

Since manufacturer device dynamic data was non—existent , laboratory

frequency response testing was initiated on the actuator using an avail-

able phase—angle voltmeter connected to an x—y sweep plotter. Various

plots were recorded as a function of load. The most representative case

is depicted in fig. 2—7 with a load of 5.5 in—lb and a maximum servo

output arm deflection of ± 200. Overall results indicate that the actu-

ator is essentially linear up to and includ i ng ± 20 degrees of d e f l e c t i o n

at varying loads. Non—linear behavior is exhibited for larger deflec—

tions. Control analysis must be restricted to this linear range.

By assuming second—order characteristics of fig. 2—7, a cutoff fre—

S 
quency (w e ) is estimated to be 2.5 HZ (15.7 rad/sec) at the _90

0 phase

point. Subsequent magnitude and phase plot curve f itt ing through the

use of TOTAL (Ref 28) yields the following actuator dynamics: -

ô(S) — 
1 246.5— 

(J . ) 2 
+ 
2 (c ) S 

+ 1 
= 

s2 + 25.12S + 246.5 
(2—4)

where

S( S ) = control surface deflection (deg)

control surface command (deg)

(lin = natura l cutoff frequency (rad/sec)
a

= damp ing ratio

Fig. 2—8 exhibits the linear frequency response of the actuator from

S Eq (2-4). Actuator dynamics are sufficiently close to those of the basic

aircraft to warrant inclusion in the control analysis model. Note, how—

22
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ever, that the actuator poles are comp l ex conjugates; this wil l later

be shown to Impose constraints on the root—locus stability analysis.

Actuator rate limitation : ± 45 deg/sec

Control surface deflection angle limitations (mechanical):

~e (elevator) ± 8 deg

6a (aileron) + 14 deg (TEU)*

- 
— 11 deg (TED)*

~r 
(rudder) ± 16 deg

* TEU (trailing edge up)
TED (trailing down)

Complete System Model

Once the transfer functions for the aircraft , sensors , and actua—

S tors have been modelled and determined to be relevant to the control

analysis , the analog A/P loop analysis can proceed. Chapter III models

and analyzes the pitch , roll , and yaw axes independently and compares

results with hybrid simulations. The qualitative analysis of the model

with the simulation lends credence to modelling accuracy .

-~ 24
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III. System Analysis

Having established the transfer functions for the components of

the general A/P model (fig. 2— 5, Chapter II), linear control analysis

of each individual axis proceeds. The primary means of determining

whether or not the model of the A/P performs like the analog A/P is

throug h a qualitative comparison of transient responses generated

by each axis of the A/P to the same input forcing function. Time

responses for the model A/P are obtained from the computer program

TOTAL (Ref 28) whereas those from the analog A/P result from the al— S

ready existing hybrid simulation .

The key point of this comparison process lies in the need to
S direct ly substitute the analog A/P loop gains , obtainec by ind i rect

“hand-tweaking” methods (Ref 29) into the feedback loop gains of the

model A/P. In order to do this , the analog gains require man i pulation

‘ S so as to be compatible with the model gain structure. Appendix B

addresses the gain manipulation. It is important to stress that the

model A/P performance is not to be optimized in any sense because this

will negate the whole purpose of this comparative approach. Extensive

S use of the computer—aided—design program TOTAL (Ref 28) is emp loyed

throughout the analysis for generation of root loc i, frequency responses

and time responses.

S Longitudinal Controller

eased upon previous aerodynamic and simulation studies conducted

by the Mln i—RPV Group, the need to stab ilize the long itudinal axis of

the aircraft , when not operating under remote control , has been con-

25
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firmed (Ref 29). Two dominant dynamic characteristics govern longi-

tud i nal stability for most subsonic aircraft : the “phugoid” , and

“short—period ” oscillations (Ref 4:35). The “phugoid” or long—period”

mode is generally more oscillatory (relativel y undamped) In nature and

of low natura l frequency (w
v
). It consists primarily of variations in

pitch attitude (0), and forward velocity (U) with angle of attack (a)

nearly constant. The “short—period” mode, on the other hand , is con—

siderably more damped and of higher natura l frequency (w~~). Variations

occur in a and e, but with very l i tt le change in U (Ref 4 :35) . If the

reader wishes to vary these modes, refer to Appendix A, fig. A—la —

A—3b. A pilot flying an aircraft can usually control the “phugoid”,

but the “short—period” is much faster, and is often responsible for

“pilot—induced—oscil lations ” (Rio) (Ref 42). Since the RPV must have

the capability to fly without remote p ilot control , both modes are in-

cluded in the transfer functions for analysis.

This section first develops and analyzes the pitch rate controller,

then develops the pitch attitude controller.

Linear Pitch Rate Controller. Control of pitch rate is provided

by the linear rate controller shown in fig. 3—1. Pitch rate is detected

by the rate sensor which is modelled as a unity gain transfe r function

(see chapter II). The signa l Is then multip lied by a suitable feedback

gain (K , KPR) , fed back to a summer and subtracted from the pitch rate

command (0 ). The resulting error si gna l (6e ) then drives the elevator
c c

S 
actuator to the des ired deflection ang le (6e) Thus, pitch rate damping

(control) is accomplished . In the absence of a pitch rate command , rate

26
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perturbations (e.g., gusts) applied externall y to the aircraft will still

be controlled via the feedback loop.

This study assumes that coupling of roll and yaw into the pitch axis

and vice versa is negligible (Ref 4).

The analysis begins by multiplying the actuator and RPV transfer

functions together to obtain the open—loop transfer function (OLTF):

Ô (s) (14809.47) (5) (s+o.o9o) (S+3.204)
6e (S) 

= (S’40.057S40.109)(S’+6.584$+49.545)(S’+25.125S+246.5) (3 1 )
c

Since the sign of the RPV transfer function is negative , the sign of the

actuator transfer function is also made negative to make the overall

S sign of Eq (3—1) poSitive. This is a standard method In pitch axis an-

alysis (Ref 4: 58) . The resultant root loci for Eq (3—1) are shown in

S 
figs. 3—2a ,b. Fig. 3—2a il lustrates actuator and “short—period” branch—

S 
ing , whereas fig. 3—2b shows “phugoid” branching. If one were to compare

these loc i with those for the basic RPV plant with no actuators (i.e.,

i deal actuators) (see figs. 3—3a ,b), the subtle degrading effects of the

actuators are evidenced. Suffice it to say that the range of gains avail—

able for improved damping and stabi l i ty performance are severely restrict-

ed , not so much for the “phugoid” , but primarily for the “short—period ”.

Figs. 3-2a ,b also show the roots of the closed—loop transfer func-

tion for the feedback gain (K~ = .075) calculated in Appendix B. As

• stated earlier , K~ comes directly from the analog A/P gains and is re—

quired for analysis. Using Eq (3—1) and K~, the inner loop is closed to

produce the closed—loop transfer function (CL.TF) by the expression :
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OLTF
CLTF = 1 + OLTF (Kö)

This results in the contro l ratio

S 
ê (s) = (148o9.47)(s+o.09o)(s+3.2o1+)(s)

S 
O ( S )  (S~+O.O63S+O.084)(S~+9.k23S+125.o81)(S~+22.275S+126.29) (3—2)

This is a stable system since no roots lie in the right—half plane

(Ref 15). The closed—loop pitch rate system does not, however, improve

the system significantly. A comparison of the time responses and fi g-

ures of merit (see Table 3— 1) for the open—loop (Ô(S)/ôe (S); fig . 3—4a ,b)

versus closed-loop (e(S)/e (5); fig. 3—5a ,b) system demonstrates margina l

improvement. In particular , peak time (T
n
) decreases by 16.6%, settling S

t ime (i~) decreases by 13.2%, and peak val ue decreases by 21%. A

S very close l ook at the root locus structure tells wfiy these improvements

may be the best attainable by gain variations alone. Better results

S would have been expected. Also note that the steady-state responses to

the unit step go to zero. This is because of the S in the numerator of

S - Eq (3—2) which acts like a differentiator (Ref 4). A frequency response

S plot is Included for reference in fig. 3—6.

Verification of the pitch rate loop model compared to the analog

S A/P cannot be made at this t ime because time responses for the loop were

not made via simulation . Closing the outer attitude loop and comparing

recorcced responses will , however, provide model validity. 
S
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Linear Pitch Attitude Controller. The linear pitch attitude con—

troller is formed by closing the attitude (outer) loop around the

closed pitch rate (inner) loop (see fig. 3—7 for block diagram). Pitch

attitude is detected by a vert ical gyro whose transfer function is un i ty

(see chapter ii). The signal is fed back, multiplied by a suitable

feedback gain (K0, KPA) and subtracted from the attitude pitch command

(0 , THCMD). The resulting error si gna l becomes a pitch rate command

(e0) to the inner loop.

Manipulation of the model yields the new open—loop transfer function :

e(s) — (14809.47) (s+o. 090) (s+3.2o4)
e0(S) 

— (SZ+O.063S+O.084) (Sz+9.1423S+125.081) (S’+22.275S+126.29) (3— 3)

which is a type-0 system. The root loc i for Eq (3—3) are shown in figs.

3—8a,b.

Using the necessary feedback gain , K0 = 0.34, (derived in Appendix

B), and K0 = 1.0, the outer loop is closed to form the control ratio:
c

0( s )  — 
(14809.47) (s÷o.o9o) (s+3.2o4)

0~~S) 
— (S+0.789)(S+0.202)(SL+6.516S+1o0.6I7)($~+24.26S+171e.125) (3—4 )

Inspection of the roots of Eq (3—1+) reveals a stable type—0 system.

Because of this , one would expect a steady-state error to exist (Ref 15:178).

Application of the final va l ue theorem to Eq (3-4) using the full equation

coeffrc i ents from TOTAL and a step unit , 9~
(t) R0u_1 (t), yields (Ref 15:

103)
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0(t) — lim so(s) = l.539R (3—4a) 
S

s - ~O

Eq (3—4a) clearly shows the expected steady—state output to be 1.539

times larger than the input.. If , for example , a 20 degree pitch up is

commanded , the correspond i ng output attitude will be 30.78 degrees.

This is obv iously undesirable and attenuation is needed. A solut ion

exists , however, to remedy this condition . From fig. 3—7, and K0 ~ 1 ,

the closed—loop transfer function is

S 0(s) = K  I G(S) 1
0 (5) °c L’ 

+ G( 5)K
6J 

(3—5)

where G(S) = Eq (3—3).

Taking the final va l ue of Eq (3—5), for an arbitrary step input ,

Oc(t) = R0u_1 (t), yields 
S

6
55

( t)  = lim 
{SK 

[

~ +~~~~ K9~~~ 
1.539 l(

o R (3 6)

Thus, in order for output attitude to equal input attitude , 0 (t) = R0

O , then
C

K 1 = 0.65 (3— 7)
°c 

1.539

S 
This ~ubstantlates the assumption of needing an attenuator to eliminate 

S

the steady—state error. 

39

4 - - S - 5-S——_-----_S— S5 - 5 - ~~~~~~~~~~~



S 
~~~~~~~~~~~~~~~~~ 

5-S5 - ” 5-5-5-~ _____ 5S ~ 5~~~ 5 - 5 -~_

At this point , a frequency response for Eq (3—5), wI th I(
~ 

1 ,
S C

is shown in fig. 3—9a . Inspection of the magnitude plot reveals a hump

prior to rolloff. This ind i cates second—order dynamics which , in turn ,

implies the possible existence of a time—response overshoot peak. If

this fact is true, then the degree/magnitude of overshoot is crucial

to the attitude controller response. If given a 20 degree pitch up

command, the RPV may stall as It pitches up greater than 20 degrees.

As a result , the peak va l ue figure of mer it calculated by TOTAL

for Eq (3—14), assuming K = I and a unit step, isec

• 2.55821 (3—8)

S 

Letting Eq (3—8) represent the new interim final va l ue for any step

input , R u
1

(t) ,  and I(
~ ~ 1 , yields S

055 (t) = 2.55821 K
0 

R (3—9)
C

Requiring 0
55
(t) R 00 and solving Eq (3—9) for K0 produces

= 2.55821 
0.391 

(3—10)

A frequency response of Eq (3—14) with I(
~ 

0.391 is shown in fig.

3—9b. Controller bandwidth is approximately 12 rad/sec (1.9 HZ).

Time responses of Eq (3-4) with K0 
= 0.39 for a 20 degree pitch up

command 
~~ 

20 deg) are depicted in figs. 3-lOa ,b. Note that the

140

‘ 
- 

-

L - - -
-5- - -  

~~~~
- -5 - 5-



r~ 
5-
~1fl ~~~~

5- ’ 

PITCH A TTITUDE /RATE FREQUENCY RESPONSE (KTI4C~I)

40 — —  _ _ _
110 S

U— — — -  
_ _ .

~~~~~~~~~~~~~~~~~~~~~~~~
_

., •

M gnit ,d
- .—. — .—5--- U,

— — —.---- - SM— —  — —  — —~~~~~~ 
— l  — 5-

~cz — .

Iii
00

- - ~~
— - - — ---5-- -

— ___ — - . — — - — — — - .  — — — - .  0

SM P~ase ~
- U,

.S0~~

a.

‘° cr’ —r r ~ ~c~ r — r  —r 
~~ ;c~’— —r —r ~ ~~~ ç ~

S FREQUENCY (RAD /SEC)

Fi gure 3-9 a: Frequency Response of Linear Pitch Attitude Controller;
K0 = 1
c

- PiTCH AlTITUDE/R ATE FREQUENCY RESPONSE (KTHC ~.391

ISO 
S

— _ _ - IIO
Ma init de — .—

S -- - . .-- -
~~~~~~~~~~~ -

~~~~~~:::~~~~~~~ ~::j i~: ~~ I~ Pt~ se S \ 
S

O • U)

IOu,

~~
- 1 0— - - - —— -  — — - - -. — - 5-

~~~~~~~~
— -  — — -

N, S

S .oo — -_ — — —  _ _ _ ._ _ _ ._ _. _.. S~~~~_ _ _ ._ _ ç . •I0O

5 ~ ~rr- T T ~ ~ ~~~~ T T ~ I C~T -•T T I ~ ~0r T 7 I I
FRE QUENCY IRAD/ SEC )

Figure 3— 9 b: Frequency Response of Linear Pitch Attitude Controller ;
K0c

_
~~

39

ii i

4

—-5-  - —5---
~~~~~~~~~~~~~~~~~~~~

-—— —



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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commanded 20 deg attitude is achieved at peak with a resultant 12 degree

steady—state attitude. These results , along with the figures of merit

in table 3—1 , confirm the theoretica l model development.

The time response exhibited In fig. 3—lOa,b is~a ”standard” pitch

attitude controller response and is well documented (Ref 4:79). Subject

to an input step comand, the RPV pitches to the commanded attitude ,

then slowly glides/descends to a lower steady—state attitude. Pitch

attitude controllers alone cannot correct this aerodynamic property.

- - - Some form of additiona l velocity control is needed to obtain the commanded

steady—state attitude (Ref 4:79).

Having designed a linear p itch attitude controller model , the next

step is to compare it with the analog controller simulation . Fig. 3—11

illustrates analog controller responses to the same 20 degree pitch up

command (Os) forcing function used in the model. In order to reproduce,

as closely as possible , the model response shown in fig. 3— lOa , the gain ,

K0 , on the analog controller simulation , was adjusted to 0.34. This
c

represents an error of only 12~. Figures of mer it (see table 3—1 ) show

a good deal of similarity between the two responses (similar TR, 1D’ T~,

~v’ Fv) and provide a modest amount of confidence in the modelling process.

Thus, it is shown clearl y, and within an acceptable margin of linear iza—

tion error , that the analog pitch attitude controller can be modelled

accurately with linear controller.
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Recommendations. Without going into detail , the root loc i for both S

the pitch rate and pitch attitude loops reveal that system performance

may not be further Improved by loop gain variat ions alone. If improved

performance s required , the current complex-pole actuators may have to

be replaced with ones of higher frequency dynamics and real poles, or

lead compensation placed in the feedback loops. This will enable larger

loop gains which , in turn, means greater controller bandwidth (i.e.,

a. BW > 1.9 HZ) and “muscle power”.
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Latera l —Directiona l Controllers

The usefulness of investigating feedback loops closed around the

various RPV transfer functions is exactly the same in the case of latera l

motions as it is for long itudinal. This section will develop the con—

trollers for both the roll and yaw axes that have been illustra ted in

fig. 2—5, chapter Ii. Again , as In the longitudinal case, it is suff i-

cient to consider each controller as a simple gain wh i ch has already been

determined (see Appendix B).

Typ i cally, three dynamic characteristics govern latera l —d i rectional

fli ght: spira l divergence, roll subsidence and Dutch roll (Ref 32:1459).

Spira l divergence moticn consists of a combination of increase in yaw

angle and rol l angle with resulting high speed spiral dive. The time

constant is usually very large ; tS0 
= 812 sec for Case II. Since the RPV

exhibits “slight ” divergence , i.e., pole is in ri ght half plane (S .001231),

S S 
the purpose of using an A/P is to impose a higher degree of stability to

this mode. Roll subs idence, on the other hand , is the rolling response

of the aircraft to an aileron input and is described for Case II as having
S 

a time constant equal to .116 sec (TR = .116 sec for S = —8.6). Dutch
S S

roll , primar ily exci ted by the rudder (Ref 14:132), consists of both roll

and yaw angle excursions. It is usually lightly damped (~ .266,

= 1+8.1 rad/sec for Case ii) and may become object ionable. There is a

need to control this mode through yaw rate damping (Ref 29). Rudder de—

flectiori s primarily exc i te the Dutch roil mode, whereas those for the

ailerqn exci te roll rate and rol l angle with some Dutch rol l superimposed S

in this motion (Ref 4:138).

1*6
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Linear Rol l Rate Controller. The fundamental block diagram for the

linear roll rate controller is shown in fig. 3—12. Control of roll rate

is provided for by feeding back roll rate detected by a unity gain rate

sensor, multiplying the signa l by a gain (K~, KRR) and subtracting it

f rom the roll rate comand (k). The error signa l thus produced drives

the aileron actuator to the required position. Transient and steady—

— state characteristics are determined by the feedback gain (K~).

From Appendix A the RPV transfer function (also shown in fig. 3—12),

relating roll rate (3) to aileron deflection 
~
6a~ 

is found to be:

_____ — (112.5)(S2+2.477S+22.169)(S)

~~~~ 

— 

(S— .001)(S+8.6O6)(S~+2.559S+23.146) (3— 11)

When Eq (3-11) is multiplied by the aileron actuator transfer function , the
S 

open-loop transfer function becomes

______ 

(27730) (S2+2.477S+22.l69)_(S)

~a ~~ 
= (s— .001)(S+8.606)(S2+2.559S+23.11+6)(S2+25.12S+246.5) (3—12)

c

which is a type—O system. The root locus of Eq (3—12), depicted in fi g.

S 3—13a , shows that the linear roll rate controller system is completely

5 
unstable for all va l ues of gain. This is primarily attributed to the

- sp i ra l divergence root (S = .001) in Eq (3—12) which lies in the rl ght

half plane. Also note that the Dutch rol l mode is almost eliminated due

to th~ numerator zeros cancelling the denominator poles. Thus, and as

expected , roll rate inputs do not exc i te Dutch rol l oscillations. In

5- 
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addition to the “sli ghtly ” unstable spira l mode, the complex actuator

poles (see fig. 3—13a) further degrade the controller root locus for

variations of gain . A comparison of this locus with that of the basic

4~
(S)/tSa(S) plant (see fig.3..13b), without an actuator, clearly shows

the difference. At first glance , this discussion of degrad i ng an al—

ready unstable system seems meaningless. However, when the outer at-

titude loop is closed , in the next section , this rationale will prove

noteworthy. S

The closed-loop transfer function for K — 0.116 (extracted from

I Appendix B) is

~ Cs) 
= (27730)(S)(s2+2.477s+22.171)

(S— .0005)(S÷23.71B)(S’+2.551+S+22.1461)(S’+1O.012$+226.O30) (3—13)

wh i ch is a type—0 system. Fig. 3— 13a ind i cates the pole locations of

Eq (3—13) for a damp i ng ratio of 0.33 (~ .33). Note that Eq (3—13)

also represents an unstable system due to the spira l divergence term

(s = .0005). The correspond ing time constant is very large (33 mm ).

Thus, this system can be said to exhibit a “slight long—term” instabil-

ity characteristic which presents no prob l em to the control analysis

system handling qualities. A roll rate frequency response is included

in fig. 3-14 to show a system bandwidth of about 30 rad/sec (1~.77 Hz).

Since no hybrid simulation for roil rate was recorded , a comparison

of th~ model with the analog rate controller is not addressed. It s

appropriate , however, to show the degrading effects upon performance that

clos i ng the rol l rate loop produces; particularly interesting is decreased

4
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Figure 3—13a : Root Locus of Linear Rol l Rate Controller
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damping and increased peak magnitude . Compare fig. 3—15a (closed rol l

rate loop) with fig. 3-15b (open roll rate loop) for a unit pulse of

unit width. Fig. 3—16 is also included to illustrate the response of

Eq (3—13) to a unit step.

Linear Roll Attitude Controller. The linear rol l attitude con—

troller is formed by closing a position l oop around the closed—loop

roll rate controller (see block diagram fig. 3—17). The rol l rate i nner

loop determines the open-loop poles of the attitude controller. Again ,

the feedback gain (K~, KRA) is cal culated in Appendix B from the analog

A/P. Outer loop operation is similar to that described in the longi-

tudinal controller section.

By integrating Eq (3—13) (i.e., deleting the numerator s) the open—

loop transfer function becomes:

q (s) — 
(27730) (S2+2.477S+22.171)

S 

e
’
(S) 

— 
(S .0005) (S+2~ .718) (S~+2.5514S+22 .1+6 l ) (S~+10.O12S+226.030) (3 14)

The root locus for this type-0 fu.~ction is depicted in fig. 3—18.

By incorporating the gains , K~ 0.267 and K4~ 
= 1.0, calculated in

Appendix B, into the analysis and closing the outer l oop, the closed loop

S transfer function becomes

4 (s) 
— 

(27730)(s2+2.477S+22.171)
— 

(S+1.556)(S÷23.11)(S~+2.58S+22.376)(S’+9.O36S+2O3.71*4) (3—15)

The poles of this equation for the damping ratio, 0.31 , (r — 0.31), appear

in fig. 3—18 and are shown to be stable (i.e., no roots in ri ght half—
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ROLL RRTE LOOP RESPONSE (UNIT PUL5E;W:1;KRR~.116)
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Figure 3—15a: Time Response of Linear Roll Rate Controller; Unit Pulse
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plane). For an arbitrary step input , 4~
(t) = R0u 1 (t), and 

00 1.0,

the final va l ue of Eq (3—15) , as determined by TOTAL, becomes

= l im S4 (S) = 3.750 R (3—15a)
S -~ 0 

°

In order for the steady—state output attitude to equa l the input attitude

command of 20 degrees, the value of (see fig. 3—17) was reduced to

0.267. This is a similar procedure to the development used in the pitch

attitude controller, Note that the frequency response (see fig. 3—19a)

of Eq (3—15) for K~ 
00 1.0 does not ind i cate any dominant second—order

characteristics which might warrant re—establishing a new fina l va l ue.

Fig. 3—19b exhibits the rol l attitude controller frequency response for

K~ = 0.267. System bandwidth is reduced to approximately 2 rad/sec
‘vc

(0.32 HZ) . -

The time response corresponding to = 20 degrees is shown in fig.

3—20. Figures of merit , calculated by TOTAL, are shown in table 3—2.

S Having established a linear roll attitude controller and a repres—

entative time response suitable for comparison , the next step involves

simulation testing. As in the p itch controller simulation , the roll S

4. attitude responses to a 20 degree input step command (4k) were recorded

for various K . In order to generate a similar analog controller atti—

tude simulation , was tuned to exactly 0.267, the same va l ue used in

the model. The hybrid simulation response Is shown in fi g. 3—21. Again ,

refer?to the comparative figures of merit listed in table 3—2. Results

ind i cate very similar characteristics , i.e., TR within 2%, T5 
within 8%,

Rv and Fv i dentical ,
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Table 3-2

Figures of Merit: Rol l Attitude Controller

T T0 T~ Ts F
v

1.373 Very Large Very Large 2.600 19.999 19.999 Model

~ (s)
1.4 Very Large Very Large 2.4 20. 20. Simula-

tion
(Approx.)

Based upon comparative results , the model appears to be hi ghly

- 
correlated with the analog simulation.

Recommendations. The presence of the actuators in the rol l attitude

- controller still degrades the system performance. Specifically, loop gains

S are restricted by the actuator pole loci to very small values. This in—

hibits the resultant controller bandwidth , i.e. 0.3 HZ, wh ich, in turn ,

restricts A/P authority. Actuator replacements and/or feedback compen—

sation , as discussed in the longitudina l section , may be log i cal recourses

to obtain better performance. At present , however, roll attitude con—

trol 1cr performance is acceptable.
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Linear Yaw Rate Controller (Dutch Rol l Damper).

The primary purpose of a Dutch rol l damper Is to reduo~e oscilla-

tion s in rol l (4)), yaw (~) and sides lip (~) angles due to the applica-

tion of rudder deflections (Ref 17:27). This coupled oscillation is

generally referred to as Dutch Roll and as stated earlier , is exci ted

by the rudder (Ref 4). To dampen or otherw i se minimize these undesir-

able effects, yaw rate feedback is emp loyed to deflect the rudder. Fig.

2—5 of chapter II illustrates the analog A/P model with a yaw damper.

5- 
‘ This controller consists of a Dutch rol l damper with lateral accelera-

tion feedback. Through simulation testing , the acceleration feedback,

normally utilized for coordi nation (Ref 4), was found to actually de-

grade performance. The laboratory agreed and decided to remove it from

the analog A/P. As such, this analysis considers only the Dutch roll

damper.

The basic Dutch roll controller is depicted In fig. 3—22. Yaw rate

Is detected by a rate sensor, multiplied by a predetermined gain (Kg,, KYR),

passed through a washout (high pass) filter and then subtracted from the

yaw rate command signa l (4s.~). The generated error signal then drives

• the actuator as before. The washout filter produces an output only during

transient periods. In effect, damp ing (i.e., feedback) occurs for hig h

frequencies only. The yaw rate signa l goes to zero in the steady—state

(Ref 4:139).

Following prev ious methods , the requ i red feedback gain (K.1~, O.586,KYR)

comes from Appendix B. The RPV transfer function 
~~~~~~ 

(obtai ned

from Appendix A), actuator , and washout filter are combined with K — 1
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to forn~ the open-loop transfer function :

—

c

S (2552) (s 2) (S+8.418) (s2+o.434s+o.199)
fS—0.0O1) (S+0.1e22) (S+O. 829) (S+8.606) (S~+2.559S+23. 146) (S~+25. 1 2S+21e6. 5)

(3-16)

which is a type—0 system. The root loc i for Eq(3-16) are shown in figs.

3—23a ,b.

For the prev i ously specified va l ues of K~ and K~,, the closed—loop

transfer function is found to be

i(s) 
=

S 

(2552)(S+0.422)(S+o.829)(s+8.418)(s2+o.434s+o.199)
(S—0.00I) (5+0.381) (5+8.191) (S+16.55) (SL~.~2.978S+2.554) (S’+9.432S+130.kOl)

(3— 17)

wh i ch reveals that the control system of fig. 3-23 is unstable. Again ,

the spira l divergence term (s .001) dictates the “sli ght” insta bility

behavior with a long tfme constant (TSD 
= 812 sec). For yaw rate stab—

ility, however, the higher frequency transients (smaller time constants)

are of primary Interest. This is especially true since a high—pass filter

S is i nvolved.

A time response of Eq (3-10) for a selected -3.3 deg/sec yaw rate

step command (*c) is shown in fi gs. 3—24a ,b. Note the unstable affect

of the spira l divergence term for t > 2 sec. Also note that the transient
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Figure 3—23a : Root Locus of Linear Dutch Roll Damper
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Figure 3—24b: Time Response of Dutch Roll Damper, 1000 Sec

65

4 
5 - - - - 5 ~~~~~~~~~~~ S

—— —~~~~~~ 5- S — — __~~~ — — 5 -  —~~~~~~~~~ —— —— ~~~~~ — —— _————5 —~~~~~~



5 55 ~~ 
--5 

-- 5 5-— - -

peak va l ue at t = 25 sec approaches —3.3 rad/sec.

A review of the Dutch roll damper frequency response (see fi g. 3—25)

illustrates the required high—pass filtering with cutoff frequency equal

to 1.5 rad/sec (.238 HZ). Also note that the rolloff frequency 
~ c 

=

16 rad/sec) limits system bandwidth to 14.5 rad/sec (2.31 HZ). Generally

speaking , the high—pass filtering cutoff frequency is acceptable. Band

rolloff , however, effect i vely restricts system performance . in much the

same manner as in the pitch and roll attitude controllers.

Based upon the brief time and frequency response characteristics

of the model , analog Dutch rol l damper responses were recorded for the

desired —3.3 rad/sec yaw rate command (see fig. 3—26). Of particular

concern is the output waveform for yaw rate (~j i). Comparing the model

with the analog time responses yields some obvious discrepancies.

———The Dutch roll mode contains the spira l divergence root

(S = .001) in the denominator of Eq (3—10) . The model

time response reveals its subtle effects by the steady—

state (ramp) drift effect which occurs after 2 seconds.

S 
In order to obtain a good simulation response, the roll

axis was coupled to the A/P and acted like a wing-leveller.

Little if any rolling occurred due to the rudder input .

The gross effect of connecting the roll A/P to the system

S 
negates the spiral divergence term from the response. As

S 

a result , there is no drift (see fig. 3—26 for ~). Even

though this discrepancy exists , the controller comparison

is not i nvalidated .
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———Since yaw rate command gain 
~~ c

’ KPSDC) in both time re-

sponses is left equa l to un i ty, one would expect the tran— S

sients around 0.50 sec to be similar in magnitude. This

Is not the case, however. S

The Dutch roll damper (controller) analysis is somewhat weak be-

cause of the problems mentioned above, however, a general sense of con-

fidence , qualitatively speaking , can be exacted. Of all the axes, this

one generates the most uncertainty.

S 
Recommendations. Again actuator characteristics inhibit loop gain

variation s and overall performance. The high—pass filter was chosen

for this loop without benefit of control analysis to ascertain its

effect on performance. Critica l filter time—constant analysis needs to

S 
be considered. S

A qualitative conventiona l control analysis has been made of all S

three axes, comparing the model with the analog controllers. Based

upon these results , a fairly good measure of confidence in the analysis

I has been displayed . The groundwork for further linear control analysis S

is laid.

6~ 
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IV. Digital Synthesis

Probably the most important theoret i cal aspect of this study in-

volves the selection of an approach for develop ing the digita l A/P.

In the interests of simplicity and realizability, a conventional digiti-

zation scheme is chosen so as to produce a dig ital A/P which performs

In a comparable manner to its analog counterpart. As opposed to the

more invo l ved “d i rect digital” design methods which seek to optimize

di gi tal system performance, di gitization merely converts the continuous

(analog) system into a sampled-data system wh i ch can perform only as

well as the ana l og system. Di g i t izat ion, however, is much simpler to

analyze and im plement (Ref 9). In addition to establishing the basic

modus operand i , this chapter discusses analog A/P transformation , sig—

5- nifican t control system parameters , and di gital yaw rate washout filter

development. The results of this chapter provide the underlying frame—

work for the actual hardware and software design.

Digitization of an existing analog controller , like that shown in

fi g. 3—7 of chapter III , yields the pitch axis di gi tal controller exhib-

i ted in fig. k— i. This study assumes that all digital controllers are

placed in the feedback paths and i ncorporate as many loops as possible.

Further , only a sing le sampling frequency is selected for the A/P; multi-
-

- 
- 

rate sampling is not considered , even though better performance over the

single-rate might be achieved. Fig. 4—2 , an expansion of fig. 4—1 ,

illustrates that sensor output si gnals , such as attitude and rate, are

se1ec~ively sampled by an analog—to—digital (AID) converter, and then

operated upon by the controller to produce a weighted sum. Once the

70
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processing is comp l ete, the results are restored to analog form via a

corresponding di gital-to-analog (D/A) converter. The D/A is assumed

to contain a sampler and a zero—order hold (ZOH). This is then summed

with an analog control input. The resulting error si gnal commands the

r actuator to produce a control surface deflection . The dig ital con-

troller modules shown in fi gs. ~4—l , 
1~—3 and 1e—5 perform the necessary

mathematical operations to emulate the analog A/P. For pitch and roll

(figs. 11—2, 1,_I,), essential operations include gain multipl i cation and

si gna l suming . For yaw (fig. 4—6), a washout or high—pass filter is

Imp l emented digita lly. As it turns out , filter design becomes the over-

riding issue which governs such control parameters as word l ength, samp-

ling time and errors.

The beauty of digita l processing is that each control loop can be

organized into an overall three—axis A/P under direct control of. an

operating system. Control of signa l acquisition , computations and out-

put follows a definite structure governed by the required sampling fre-

quency.

In order to realize a digita l controller , a baseline analysis of

the di g ita l control requirements is first established . Significant

parameters for this analysis inc l ude:

—-—sampling frequency

* ———word lengths (A/D, D/A, i nternal)

———filter desi gn

~——other (transport delay , errors , scaling)

A brief discuss on of each parameter develops the constraints placed on

the di g ital control system.

73

4 
. 

-



— -

~~

--

~

-

H 
_

j

H 
~~~~~~~~~~~~~~~~ 

I
7’,

4 I
.

- 

——---

~~

-.

~

- 

~~~~



- -

I..

—C o  U0..~ l~ 
0

~~~I5 •O
4J

— u  ‘0 C
0

H
F~1 [

r
i 

I

—~~~~ 4 ’ ’

75

- . -“ . . -

~ 

— -  - . —~~~—-~~~~‘
..~~-

~ ~~~~~~~~~~~~~ 
—

~~
.-—--,— . , . ..-~ 

-



_1Ii~
- 

~~~~~~~~~~~~ 

- .—..—-

~

.*

I-

/
I I
I I a)

I- ID
‘0u~~ •— 

____• - 

~~~C •~~ —
ID
>-

a,
— N

I.

_ _  
E

•~~~~ ~~L I-
• •u 4-. ‘0 I

• I) 0
‘0

I
- 

U

• 

.

76

4 -—— - .- -
~~~

•• - -
~
•. - , . -•

~~~~~~~
-- .. .— —--“ -

-

~~~~~ . - . -••—- -.‘. 
~
-.—- -•

~ 
— -. —.—-—.--—-.• - •-. ,---.- _s ___ ~.__.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_____a _• .-—— ~~~~~~~~~~~~ - - ..



—
~
--

_

~~~~~~~~~~~~~~~~~ 
-• =:T~

-
~
--
~~
—•---

~
- —

--

• —• • -•--. 
—~~~~~~ - ii___ _____ . •--.- --- ., . - - .  ••-••-

I- l S I~

~~~ 
I ~~~...cI •~~ U

77  

.  
•
---•—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,
-

•~~~~~ - i
‘. - ,-.•-- -••••-.••• -

~

-- ,-.

~

•-•.•- —~~
• - --••

~

- .. -.- - -“
~ ~~~~~~~~~~~ ~ •~~•--• •-. -••• •-..- , . -- ,••- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. .-•-
~

--



- ~~. ~~~~~~~~~~ - 
- -

~~~
- .--

~~
-

~~

Sampling Frequency

Since sampling frequency plays such an important role in controller

stability, proper determination of such is essential. The Mini—R PV Group

ind i cated verbally that the RPV would not encounter in— flight dynamic

frequencies greater than 5-10 HZ. Roskam (Ref42) also substantiates a

maximum expected frequency of 10 HZ. Knowing this essential piece of

information , then Shannon ’s (Nyquist ’s) Sampling Criteria is applied

(Ref 27). This theorem states that a signa l must be sampled at a fre-

quency 
~~~~ 

at least two time s the highest frequency 
~~~ 

expected in

system (Ref 27).

f > 21 (1+—i)
S—  m

For practica l consideration s, one which insures reproducibility , 
~ 

is

chosen to be 2—10 times larger than Because 
~m 

= 10HZ for the RPV ,

then f must be at least 20 HZ. As a first “guess” approximation , f
S S

was chosen to be 50 HZ. This margin of 30 HZ is not chosen wi thout

reason; sampling theory assumes reconstructed data to be represented by

infinite wordlength. In the real world , this is not true; finite word—

length dictates performance and restricts signal reconstruction.

Word Length

The three primary areas in a digita l system where word length governs

cost and performance, include A/D and 0/A converters plus internal pro-

cessing al gorithms (Ref 20). Table 4-1 is a sumary of sensor and actu—

ator signal output ranges, accuracies, and required A/D resolution . Note

that resolution Is assumed to be 25~ of the accuracy value (Ref 20).

Knowing the minimum resolution requ i rements allows the determination of
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TABLE 4-1

A/D Signal Conversion Requirements

• (1)
Dev i ce Signa l Type Operational Accuracy A/D Resolutidn

Range (~ of Range)
Vertica l Pitch
Gyro Attitude (0) +ko,—6o deg ±1.0 deg 0.25 deg (.63,.1e2)

Rate Pitch
Sensor Rate (0) ±40 deg/sec ±0.1 deg/sec 0.025 deg/sec (.06)

Vertica l Roll
Gyro Attitude (

~) ±45 deg ±1.0 deg 0.25 deg (.56)

Rate Rol l
Sensor Rate (~p) ±40 deg/sec ±0.1 deg/sec 0.025 deg/sec (.06)

Rate Yaw
Sensor Rate (

~) ±40 deg/sec ±0.1 deg/sec 0.025 deg/sec (.06)

Pendulum Latera l
Acceleration
(a
’
) ±45 deg ±0.2 deg 0.05 deg (.11)

Actuator ±45 deg ±0.5 deg 0.125 deg (.28)

(i) Resolution requ i rement taken as 25~ of accuracy requirement (Ref 20)

AiD Wordlength Requirements
(2)

Word Length LSB Resolution Full Scale Resolution
(Volts)

8 .0039063 .019531
9 .0019531 .009766
10 .0009776 .004883
11 .0004883 .002441

- • 

. 12 .0002441 .001221
13 .0001221 .000610
14 .0000610 .000305
15 .0000305 .000153
16 .0000153 .000076

(2) Resolution = 2 ’~ where n is number of bits; sign bit Is not utilized .
Full scale 0—5 VDC.
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a minimum acceptable A/D wordlength. The bottom of Table 4-i clearly

shows that eight bits is all that is necessary to faithfully reproduce

system signals. Since minimum system cost prevails , an eight—bit A/D

converter is desirable , especially since the microprocessor will have

an ei ght—bit wordlength. As will be shown in the next chapter , an A/D

with a conversion time (T) of 100 psec is chosen. KUO (Ref 27) in-

dicates that the A/D conversion time is related to the maximum input

frequency 
~-~max~ 

by

1
max (2w)(T

~
)2
~~ 

(4— 2)

where n = number of bits in AID.

Substituting the va l ues in Eq ~s—2~ yields ~max 
= 12.43 HZ. This

provides good justification for selection since the AID will reproduce

input frequencies up to 12.43 HZ, wel l within the RPV bandwidth. If ,

perchance, higher RPV frequencies are invo l ved , a sample and hold dev i ce

will be necessary.

The RPV actuator resolut i on requirements are also listed in Table

4—i . Following a similar development to the A/D case, onl y eight bits

are necessary for its acceptable D/A operation.

Internal wordlength processing requirements are satisfied by six-

teen-bit , double precision , fixed—point arithmetic. This is primarily

a result of required gain scaling to achieve desired nom i nal accuracy

for the controller. The dig ital filter , discussed in next section , will

be shown to require at least fifteen bits. From an experimental stand—

point , It is found that sixteen-bit wordlength performed effectively in

the di g ital control algorithms . This insures a comparable leve l of per-

formance. 80
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Di gital Filter

Generally speaking , a di gita l filter is a linear shift—invariant

discrete—time system that is realized using finite—word length (precision)

arithmetic (Ref 37:195). This study involves converting the existing

analog yaw rate washout (high—pass filter) to a dig ital filter with sim-

ilar performance characteristics. Whereas an analog (continuous) filter

is represented by a differential equation , a di g ital filter , as in this

case, becomes a linear difference equation. Numerous techn i ques are

cited to perform this transformation (Ref 2;3;6;9;1O;20;2l;26;27;28;37).

No method will provide a set of difference equations which will behave

like the continuous analog case in all respects. Ideal transform prop-

erties include (Ref 40:A—7):

———stab il ity preservat i on (assumes infinite wordlength)

———filter cascading capability

———system order retention

——— DC gain retention

———impulse response retention

A review of severa l transform methods was made. Included were first—

difference , Tustin , Z—transform , and matched Z—transform. State—variable

methods were specifically excluded from consideration based on a trade-

off between hardware and software requirements. Based upon the ab ility

to preserve stability, cascading , system order and DC gain , the Tustin

transformation was chosen to design the dig ital filter. It is very

popular (Ref 6;48)and easy to use, especially since it exists as an op-

tion in TOTAL (Ref 28).
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With this In mind , the existing analog high—pass filter ,

+ 1.25S + 0.35 (4—3)

of cutoff frequency equal to 1.40 (w = 1.40 rad/sec), is converted via

the bilinear Tustin transform ,

s — 2 (Z—1)

~r (Z+l) (4-4)

- where I = .02 sec, to the Z-domaln expression ,

(.98762018—1 .9752404Z ~ +.98762018Z
2)

u(Z) =
(1 — 1.9751712Z + .97530950Z

2
) (4— 5)

Eq (4—5)is then converted to the linear difference equation:

Y(k) = .98762018 x(k) — 1.9752404 x(k—1 ) + .98762018 ~‘(k—2) +

1.9751712 Y(k) — .97530950 Y(k—1) (4—6)

Based upon an analysis of the analog filter roots, the sampling frequency,

and minimum acceptable root error (assumed to be iO~) in the Z—domain

transfer function Eq (4—5), a minimum word length of fifteen bits is re—

quired to imp lement all coefficients i~i the digital filter (Ref 20:64).

This discovery, not unexpected , then led to the adoption of sixteen—bit ,

double—precision arithmetic for the filter al gorithm.

Frequency responses for the analog filter (fig. 4— 7) compared to

digital filters (fIg. 4—8, Tustin; fi g. 4—9, fIrst—difference) reveal

almost no shift of cutoff frequency and no DC gain variat i oca. Again ,
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these responses correspond essentially to infinite wordlength (i.e.,

64 bit for Cyber Computer). Because sixteen—bit arithmetic is re-

quired , the filter was imp l emented In software and a frequency response

generated to determine performance effects. The experimental results

are discussed In chapter V I I . Note, the Tustin transformation may re-

quire that the analog filter cutoff frequency be “prewarped” so as to

be accurately reproduced in the discrete domain (Ref 37). This facet

of filter development Is not significant in this application. The

digita l filter was only desi gned for f = 50 HZ. If the sampling fre-

quency needs to be changed , so must the filter constants. Chapter V I

will describe in detail the software implementation of the recurs i ve

high—pass filter.

Other

Although not specifically addressed in thts study , additiona l fac-

tors must be considered in a digital control analysis. These include

(Ref 20):

———study ing the effects of transport delays due to system
components (AID , D/A , etc.) on performance

———investigating the effects of bit truncation and rounding
associated with word l ength (Chapter V I brie fly discusses
the topic)

———describing the effects of a noisy environment on system
performance; this may dictate that signal “conditioning ”

- • be a factor

———performing sensitivity analysis to ascertain best or
desired performance (consider word l ength and sampling

~ frequency)

This chapter establishes the basic control theory philosophy and

parameters needed to continue with the digital A/P mechanization In hard-

ware and software.
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V. Digital Mechanization

Fig. 5—1 is a diagram of the layout of the prototyping board

used to construct the dig ita l autopilot circuit for interfacing with

a hybrid simulator . This chapter will describe how the various com-

ponents were selected and how the associated circuits operate.

Hardware Select ion

Microprocessor. Although hardware select ion involves many com-

ponents , the critica l Issue is the selection of the microprocessor.

The following items were considered in examining the various micro-

processors:

1. Basic CPU Data Word Length. The basic select i on process

is essentially the cho i ce between eight—bit and sixteen—bit data word

length. At the time this project was started , there were only a few

sixteen-bit processors available , with others due to be on the market

soon. Since one of the primary object ives of this project is a very

l ow—cost system , the sixteen-bit processors were not considered since

their current cost (plus support items) is considerably hi gher than

eight—bit processors. It should be noted that this condition is not

likely to last forever , and a re—evaluation of the feasibility of

using a sixteen—bit processor should be made in the near future due to

their increased performance capability. An eight—bit processor can

still meet the fli ght control algorithm word—length requ i rements by

mearcs of multiple-precision arithmetic. The disadvantage of this method

is reduced execution speed , but if excess capabilit y exists , few
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problems will be encountered .

2. Power Consumption. RPV electrical power is derived from

an engine alternator/nickel-cadmium battery combination. Although

no strict upper limit of autopilot power consumption has been estab-

lished , the l owest possible power consumption is des i rable since

other systems (telemetry , tracker , etc.) are constantl y being added

that compete for the limited amount of power available.

Since the RPV power system is a +28V supply, it is therefore

desirable that the microprocessor not require any negat i ve voltages.

( Although negative voltages can be generated with additional circuitry,

the constraints of cost, size, and we i ght dictate that a single

voltage processor be used.

3. Speed. The autopilot algorithms contain many multi plica-

tions that are very time—consuming ~ when accomplished in software.

Although a ded i cated high-speed hardware multiplier could be used , the

cost, size , wei ght , and power constraints make this option undesirable.

Thus, short instruction times (i.e. high speed) is an important factor

in this application .

4. Cost. Most eight—bit microprocessors are in the same

general price range. However, the support circuitry required to operate

them may vary widely. Thus , the complete system required to implement

an autopilot function should be - examined to insure lowest cost com-

mensurate with desired performance characteristics. Since hardware

cost
s is largely a function of chip count , the same argument can also

oe used to minimize size and weight.
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A good summary of the characterist i cs of the various micropro—

cessors is found in Ref. 7, page 56. The approach taken in choosing

a processor was to define a set of des i rable characteristics , select

all processors that met these characteristics , then further evaluate

the selections to arrive at a final decision.

The iritia l characteristics desired were: eight—bit word length ,

single chip CPU, single power supply, on—chip clock , and interrupt

and DMA capability. Three processors met the above characteristics :

Intel 8085, Motorola M6802, and RCA C0P1802. In terms of speed, the

8085 is fastest (1.3 i.isec shortest instruction) , the 6802 is second

• (2 psec) and the 1802 third (2.5 psec). The 1802 has a decided ad-

vantage in terms of power consumption , 1.6 mA versus 100 mA for the

6802 and 170 mA for the 8085. Being a CMOS structure , the 1802 also

has an advantage in terms of high noise i mmunity. This could be parti-

cularly i mportant in light of the severe environment in which the

autopilot must work (near an ignition system, alternator , servo motors,

downlink telemetry transmitter , and a microwave tracker).

It appears that none of the microprocessors has an overwhelming

advantage over the others; each has its own strengths and weaknesses.

The RCA CDP18O2 was finally chosen based on severa l factors: low

power consumption , good noise immun i ty, system build—up with a minimum

- • of support i tems (i.e. low chip count), easily imp lemented input/

output programming, ind i rect oriented architecture that makes pro—

granrning without an assembler reasonably easy, previous programming

experience with the 1802, and ready availability of a microcomputer

board based on the 1802.

89

4 
-

‘-

~

- ---. -- - --.--- -.-

~

- ---

~

‘—-..- -.-•--•-—— ---.--- -----— — --—“-- -—-- —-.-—.- - - -—-— —-•—•-~~~~~~----.—------ -—--~---•- -



r :r- - - - - - 
~

- - -  —

Analog to Digital Converter. While the characteristics of avail-

able analog to digita l (AID) converters were being reviewed , Nationa l

Sem i conductor introducea the ADC 0816, a complete data acquisition

system on one chip (Ref 1 ). Its features include: ei ght—bit suc-

cessive approximation conversion , maximum of 100 psec conversion time ,

sixteen—channe l analog multiplexor with latched address decoders, an

output latch and Tn -State output buffer , and a sing le 5V power supply

: requirement that consumes only 15 mi lliwa tts. This is the first time

that such a circuit has been available in mono lithic form (and at

low cost), and as such , was a natura l choice for this project. Another

plus (and somewhat unique) feature of the ADC 0816 is the use of 256R

resistor—ladder netword to insure a mor~tonic response, an important

feature in a control application since non—monotonic response could

cause unwanted positive feedback and potential oscillations (Ref 8 ).

As described in Chapter III , an eight—bit A/D is sufficient for system

requ i rements.

Digital to Analog Converter. A similar situation to the one

encountered while searching for an A/D converter was encountered during

the search for a suitable dig ital to analog (DIA) converter. Signetics

introduced a D/A converter system on a single chip, the NE 5018 (Ref 14).

It contains an eight—bit D/A converter , an input latch , a vol tage ref-

erence, and an output amplifier. The main drawback of the NE 5018 for

this, application Is that it requ i res both positive and negative supply

voltages , a situation wh i ch is undesirable since the aircraft has only

positive voltages available and requ i red negative vol tages w ill have
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to be generated . It was decided that the cost, space, and weig ht

savings of using the NE 5018 would more than offset the additional

circuitry required to generate a negative voltage. This is parti-

culanly true since the savings of using the NE 5018 are multiplied

by three since three 0/A’s are required . It is antici pated that an

equ i va lent part requiring only a positive voltage wi l l eventually be

introduced by some manufacturer, and the switch to that part should

cause a minimum number of changes.

Hardware Multiplier. As stated earlier , software multi plications

are very t me-consuming. Initial l y, there was some concern that the

microprocessor might not operate fast enough to accomplish the control

al gorithm using software multiplication , so a hardware multi ply chip

was obtained for use if this was the case. (The multiply chip was not

needed.) The multiply chip selected was the TRW TDC 1008J(Ref 36). This

is a high performance monolithic chip with a speed much hi gher than

this applicat ion requires (70 ~sec), but is the best choi ce at the

present time. I-f a multiply chip is needed in the future due to ad-

ditional functions incorporated into the autopilot , a soon—to—be—

released chip, the RCA CDP1855 •-nultiply/divide unit , should be ideal

for this application due to l ower cost, power consumption , and coin—

patability with RCA 1802/1804 MPU architecture .

Hardware Deve l opment

v-Microcomputer. An “ELF II” microcomputer kit was used as the

— microprocessor—based system for prototyping (Ref 19). This board
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contains a hex keyboard , two—digit hex LED readout , 256 bytes of RAM,

5 volt power supply, and a region of PC board capable of accepting

five expansion board sockets. One such board , called a “G i ant Board”,

was utilized (Ref 23). Features of the “Giant Board” that are useful

in this application include: a 256 Byte ROM operating system that

allows direct examination of any memory location , direct change of

any memory location , program execut ion start at any memory location ,

a cassette read and write (software UART function) , and an input and

output address decoder. Both the “ELF II” and “Giant Board” (schematics

are included in Appendix C ) contain additiona l capabilities that were

not used in this application .

The “ELF II” uses a 3.58 MHZ crysta l and a divide by two circuit

to obtain a 1.79 MHZ clock frequency. This is used to obtain compata—

bi l ity with a TV interface IC on the board. Since the TV interface

is not used in this application , the crystal was changed to 5.16 MHZ

to obtain a 2.58 MHZ clock frequency. The clock frequency may be

increased to a maximum of 3.2 MHZ when the COP 1802 is operated at 5

volts (whi ch it is in this design).

An Elite board (prototyping board) was used to mount the remain—

ing components required to construct the autopilot . Cable! were used

to connect the “ELF I t” and Elite board. A prototyping board strip

• - was glued to the “ELF ii” in order to make connect ions to it.

A/D Circuitry . Fig. 5—2 shows the circuitry used to interface

the ~DC 0816 data acquisition chip to the system. The mult iplexor

address is routed over the four LSB’s of the data bus. Therefore, to

send an address to the multi p l exor a value of 00 to OF is sent to
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provide an address of input 0 through input 15, respectively. The

instruction used to output the address is S7 (val ue of 7 on I/O

address lines) which also latches the mu ltiplexor address and starts H

the conversion process. This is accomplished by using the I/O

address decoders on the “Giant Board” as an ind i cator of instruction

67. The output of the “Giant Board” I/O address decoder is ANDed

with TPB (a timing signal from the CPU) to insure the multip lexor

address is stable when the multip lexor latches the address.

A one—shot, SN 74121 (Ref 50), is required between the A/D ’s

end of conversion (EOC) signal and the COP 1802’s interrupt input.

If the two were connected by just an inverter , the interrupt signal

would still be present when the interrupt routine completed , and the

program would be locked in an interrupt routine loop. The output of

the one—shot must be long enough to insure the executing instruct i on

comp l etes (> longest instruction time), but shorter than the interrupt

— routine. The one—shot pulse width is given by (Ref 50):

- 

I tw (out) = •7 Cext ~r (5— 1)

Using C = .033 pF and the interna l 2K resistor ;esults in a pulse width

of approximately 46 psec, during wh i ch approximately 7.5 instructions

will execute (with a 2.58 MHZ clock frequency). Since the interrupt

• routine to input data from the A/D is 10 instructions in length , the

one—shot will have removed the interrupt condition before the interrupt

rout?ine comp l etes. Note that if the 1802 clock frequency is increased ,

the va l ue of the capacitor used with the one-shot may have to be de—

creased so that the interrupt routine does not complete before the one- -

shot times out.
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A .001 pF capac i tor was connected between the multiplexor out

(pin 15)/comparator in (pin 18) l oop and ground. This was necessary

to filter out noise being generated in the multiplexor (switching

noise). Without this capacitor the A/D produced a one—bit jitter in

its output. Al so, a 15 pF capacitor was connected between each analog

input and ground to filter out any noi se that mi ght be generated by

the sensors or picked up in transmission. As determined experimentally,

the corner frequency of this filter is about 150 Hz.

D/A Circuitry . Fi g. 5—3 shows the circuitry used to interface

the NE 5018 0/A converter circuitry with the system. The basis of

the circuit is the recommended circuit g i ven in the Signetics applica-

tion bulletin (Ref 14). An external feedback resistor of 4.7 K was

added to the output amplifier (pins 18 and 20) to reduce the output

voltage range to about 5 volts. The adjustment to obtain exactly 5

volts full scale is made at the potentiometer connected between pins

13/14 and ground.

The Latch Enable (ii) signa l Is obtained from the appropriate

output of the I/O address decoder on the “Giant Board”. Instruction

63 latches a value in the yaw axis D/A , instruction 65 into the rol l

axis , and instruction 66 into the pitch axis. The signa l from the I/O

address decoder is ANDed with TPB (timing signal from the CPU) to insure

the input data from the bus Is stable before the data Is latched. The

result Is inverted (thus a NAND is used) to obtain the correct polarity.

? A IX resistor is connected between the D/A output and ground to

insure a constant load on the output amplifier. Also , a 10 pF capaci-

tor Is connected between the output and ground to filter any noise ,
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such as major transition glitches (Ref 13).

Memory. The software requ i res 656 eight—word bytes of memory.

Since the basic “ELF II” system contains only 256 bytes, two add i-

tional blocks of 256 bytes each had to be added. Fig. 5—4 shows

the circuitry used. Since the COP 1802 has only eight address

lines , time multiplexing must be used to send a sixteen—bit address.

The addr2ss upper byte is sent out and latched , then the address

lower byte is sent out. With full decoding of the upper byte, up

to 65536 bytes of memory can be addressed. However, full decoding

of the address upper byte can be avoided if eight or less blocks

(1 block = 256 bytes) are al l that is required. The Lits of the upper

byte can be directly latched if only one bit is hig h at a time . With

this scheme, addit ional blocks can be addressed as O1XX , O2XX , 04XX,

OBXX , IOXX , 2DXX , 4OXX , and 80XX. In this application , Bits 0 and 2

were latched in a CD4042 D flip—flop (Ref 12) so that the two addi—

tiona l blocks are addressed as O100—OIFF and 0400—O4FF. The origina l

256 bytes on the “ELF It ” board are addressed as 0000—DOFF and have

no address upper byte select ion (selected all the time). Thus, th is

block must be disabled whenever either of additional two blocks is

selected. This is accomplished by connecting the inverted output of

each latch , ~~~~, to the chip select line of the “ELF I t” memory via a

diode. The “ELF II” chip select pin is normally held high by connect-

ing it to +5 volts through a 10K resistor (on the “Giant Board”).

— Whenever either of the additional blocks is not selected , ~~ is hig h

and has no effect on the “ELF II” memory. However, when O1XX or O4XX
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is selected , ~7or çgo low and ground the chip select pin of the

“ELF II” memory, thus disabling it. The diodes act to provide an OR

funct i on (diode logic) between the selection of additional blocks of

memory.

Time r. Fig. 5—5 is the circuit used for precise control of the

sampling rate (T). It is a standard NE 555 circuit from the Signetics

applications note for an astable (free—running) pu l se generator (Ref 49).

After completing an iteration through all three axes, the program tests

~~ (which is connected to the timer circuit) and waits for the output

to go low. When a low Is detected , the program branches back to the

beg inning to repeat the sequence. The time the output is low must be

long enough to insure detection (> 2 instruction times), but shorter

than the time to execute the complete code of one pass through the

program. The output low t ime, t 2, is g iven by (Ref 49):

• 
- t2 = .693 (RB

) C (5—2)

Using C = .22 pE and RB 
= 2.7K, then :

— Jill iisec

which is long enough for approximately 66 instructi ons to execute.

The total time , T = t1 
+ t

2
, should 20 msec for a 50 HZ sampling

• rate. The output high time , t1, is given by (Ref 49):

= .693 (RA + RB) C (5—3) -

Since t
1 
= T—t2 

= 20 msec - 411 psec = 19.59 msec, then

R = _____ 
- R ID 126 K

A 
~~93C B
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RA is composed of a lOOK resistor and a lOOK potlentiometer for pre-

cise adjustment. Note: Jumper J8 on the “Giant Board” must be

removed in order to utilize EF—3.

Power. For simulation purposes , a standard tn —voltage lab

power supply was used to obtain +5, +15, and —15 volts. For actua l

proto—type construction , it is recommended that three—termina l regu-

lators be used to obtain +5 and +15 volts , and a Burr—Brown Model 700

isolated DC/DC converter be used to obtain —15 volts from +15 volts

(Ref 16).

Support Circuitry . For simulation purposes, TTL parts were used

for the various random logic gates required (Ref 50). For prototype

construction , it is recommended they be replaced with CMOS equivalents

for lower power consumption and better noi se imm unity (Ref 12).

Along with the software developed in the next chapter , the cir-

cuitry described in this chapter was used to test the feasibility of
- 

• a microprocessor—based RPV autopilot. A hybrid simulation of the RPV

dynamics was used and test procedures and results are described in

Chapter 7.
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VI. Software Development

Transformation of the general autopilot algorithms into computer

software is conceptually a simple process, but in practice can present

some significant problems due to word length , CPU speed, etc. The

purpose of this chapter is to describe such a transformation . The

first i tem to be described is the derivation of a single axis autopilot

flow chart. The-n the flow chart for the washout (high pass) filter in

the yaw axis is developed. Finally, the complete 3—axis (includ i ng yaw

filter) flow chart is developed by combining the washout filter and

• three similar single axis routines into a single program. The COP 1802

program listing is in Appendix E.

Autopilot Loop Algorithm Development

A basic autopilot block diagram is shown in fig. 6—1 . -

Aircraft

Servo t_____
~~[

DYnamlcs

j
rate att i tude

~~~~
Fi gure 6—1 : BasIc Autopilot Block Diagram
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The basic autopilot algorithm (exclusive of any filters) consists of

multiply ing the input to the Inner loop (rate) by a constant (C1 ),

multiplying the input to the outer loop (attitude = att) by a constant

(C
2), summing the two products, and outputting the negative of the sum.

In equation form:

Output = — 
[c1 (rate) + C2 (att~J 

(6—i )

However, in the XBQM—1O6, all si gnals use a 2.5 volt zero reference,

(0—5 vol ts, 2.5 volt center). Thus, the constants must be multiplied

by the deviation from 2.5 volts , not the actua l input voltage. This is

accomplished by subtracting 2.5 volts from each input before multipli-

cation , then adding 2.5 volts to the final sum:

Output - 
[c1 (rate - 2.5) + C2 (att - 2.5~J 

+ 2.5 (6-2)

Since unsigned magnitude arithmetic was selected for use in the micro-

processor (because the AID output is unsigned magnitude) , the terms

must be rearranged to prevent negative intermediate results:

Output = — 
[c 1 (rate) — C 1 (2.5) + C2 (att) 

— C
2 
(2.5~J 

+ 2.5

= — [c1 (rate) + C2 (att) — 2 .5  (C 1 + c2] + 2.5
— — (rate) + C

2 
(att) — 2.5 (C 1 + C2) + 2.5] + 5

— — [ci (rate) + C2 (att) 
— 2 .5  (C 1 + C2 — i~J 

(6 3)

Thus, the term in brackets represents the uninverted output, subtracting

it from 5 inverts It (provides negative feedback).

Since analog full scale is 5 volts and dig ital full scale is 256

(maximum value of 8 bit word — 28), the analog to digita l conversion
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essentia lly multiplies the Inputs by i~�~.= 51.2 per volt. Conversel y,

the digita l to analog conversion divides the output by 51.2. Thus, to

maintain an equality, all terms of Eq (6—3) must be multiplied by 51.2:

Output (51.2) = 5 ( 51 . 2 )  — C {rate 51.2) + C {att 51.2)

— 2.5 (C
1 
+ C — 1)51.2

2

Output (51.2) = 256 — C1 {rate 51.21 + C2 {att 51.2)

— 128 (C1 
+ C2 — 1 (6—4)

Also , since fixed point arithmetic Is used , a “pseudo floating point”

method must be used. This is because all the input multiplication con-

stants (loop gains) are in the range .3 to 2.7. Round i ng to the nearest

integer can result in excessive errors. For example, a constant of 1.4

would round to 1 , an error of approx i mately 29~. The “pseudo floating

point ” method used to overcome this problem was to multiply all inputs

by an additional constant , then divide the output by the same constant.

The division is accomplished by shifting the binary point to the left ,

a very fast method of division . Obviously, the additional constant must

be a power of 2 to enable division by binary point shifting. The larger

the additional constant , the less rounding error that will occur. How-

ever, the size of the computer data word limits the maximum size. Eq (6—5)

illus trates the use of the additional constant , 2n, where n is an integer.

(Output (51.2)1 2r~ — 256 (2 11
) — [2

n (C 1) {rate (51.2)1

+ 2” (C
2
) {att (51.2)1 — 128 (C

1
+C
2~
1) 2”] (6 5)

104

4 ,
- - _— —•——--•— __— -_ -— - ~~~ - • - -•• •-.•_ v~ 2 - . - - _ —

_ _  - - — --~~~~~~~~~~ ~~--



The contents of the brackets consists of three terms , the first

two of wh i ch are always positive , and the last one which is always

negative (assuming C
1 
+ C

2 
> 1 , wh i ch is always the case In this

applicat ion). Each of the first two terms consists of an ei ght—bit

constant (2n).(C) times an eight—bit input (input).(51.2) wh i ch results

in a sixteen—bit product. Two such products are added together, but

the sum is still limited to sixteen bits . To determine the largest

va l ue of 2” allowable , a worst case situation is considered in which

both in puts are maximum. In this case:

16-bit sum = 2n (C1 ) (256) + 2” (C2) (256)

— 256 (2”) (C1 + C2)

If we limit C1 + C2 < 4 (a reasonable assumption for this application) ,

the largest value of 2” can be determined. Since the largest value of

a sixteen—bit word is 2
16 = 65536 , then

65536 = 256 (2n) (4)

2” = 64

which is an exact power of two. Substituting Into Eq (6—5) yIelds :

(Output (51.2)) 64 = 256 (64) — [64 . C
1 
{rate (51.2))

+ 64 ~ C2 {att (51.2))- 8192 (C1 + C2 —

In actua l practice , the invers ion process (subtraction of the term in

brackets from 256 . 64) is accomplished after the binary point Is shifted

six places left to effect a division by 64.
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Output(51.2) = 256— [64C1 {rate(51.2)}+64C2{att(51.2)}_8192(C 1+C2
_
l)1

L 64

Output = 256_ [64C1{rate(51.2)}+64C2{att(51.2)}_8192(Cl+C2
_
1)1

L 64 J
51.2 (6—6)

• 

Note that division by 64 is accomplished by binary point shifting and

the division by 51.2 is accomplished by the dig ital to analog conver5ion.

In actua l use a rounded constant must be used. For example , If

C1 = 1.7, then 6ZiC 1 = 108.8, wh ich rounds to 109. The C1 that is actu-

ally used , called C1
1 , must then be calculated.

~~ 
= 2 . — 1.703125

The same procedure must be followed for C2 to obtain C2’. C
1
’ and C

2
’

are then used in Eq (6—6).

As previously noted , autopilot inputs and outputs are in the 2.5

± 2.5 volt range. However, since some of the constants are greater than

un i ty, the algorithm may cal culate outputs greater than 5 volts or less

than zero. For example , using Eq (6—6): If C1 = .5, C2 
= 2, rate input

= 2.5, and attitude i nput = 4, an output of — .5 is generated. Changing

• - the attitude input to 1 results in an output of 5.5.

Since the I/O hardware is not capable of generating vol tages out-

side the 0—5 volt range, limiters must be used to prevent erroneous

results. Such limiters are Implemented In software. Rearranging Eq

(6—6) gives :

~ 56—Output(51.2~j 64 — 64C1{rate (51.2)}+64C2(att(51.2)}—8192(C 1+C2—1)

106
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Substituting the minImum and maximum output va l ues, 0 and 5, into the

left side , the right side of the equation is shown to be limite d to

the range 0 to 16384. The limiter Is accomplished as follows:

If:

[64C1{rate 51.2 +64C2 att 51.2~~-8192(C1+C2—1~j > 16384

64C 1 {rate(51.2)}+64C2{att(51.2)) — E6384+8192(C1+C2
_ 1
~J 

>0 (6-7)

then output = 0.

Als o, If

6liC 1{rate(51.2))+64C2{att(51.2)}—8192(C 1+C2—l) < 0 (6—8)

then output = 5.

The flowchart in fig. 6—2 summarizes the single axis al gorithm.

Filter Algorithm Development

So far, the autopilot al gorithms have been described without

regard to filters. However, the XBQM—106 autopilot contains a washout

(high—pass) filter in the yaw axis. The basic digital algorithm (or

linear difference equation) for this filter (described in Chapter IV) Is:

Y(k) = A0.X(k) +A1~X(k-l) ÷A2~x(k-2) +B1•V(k-1) +B2•Y(k-2) (6-9)

where:

X(k) — current filter input
X(k—1) = filter Input from prev i ous Iteration
X(k—2) filter input from 2 Iterations back
Y~k) = calculated filter output
Y(k—1) calculated filter output from previous iteration

• Y(k—2) = cal culated filter output from 2 IteratIons back
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Fi gure 6—2: Single Axis Flowchart

108



-r~ -~~- - ----V ~~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~ 
—- .-- - - -

~~
• • -

- -• 
- - -_ 

- - —-

Again , since the XBQM— 106 uses a 2.5 volt zero reference (2.5 ±

2.5 v) , the signals must mathematically be shifted to a zero volt zero

reference, the calculations performed, then the output shifted back up —

2.5 V.

As a result:

Y(k) ID A0[X(k)-2.5J+A1[X (k—1)—2.5J+A2[X(k-2)—2.5J+B1[V (k—1)—2.~1

+B2[Y(k—2)—2.~~+2.5

Rearrang ing to avoid negative intermediate results yields:

Y(k) = A0.X(k) +A1
.X (k— 1) +A2

.X(k— 2) +B1
.y (k—1) +B2

.Y(k—2)

—2.5(A0+A1+A2+01+B2-1) (6—10)

The actual values of the constants (obtai ned from Chapter IV) are as

follows: -

A0 .98762018

A 1 = —1.9752404

A2 
= .98762018

B1 = 1.9751712

B2 = — .97530950

If these constants are rounded to the nearest integer , the va l ues

• become 1 , —2, 1 , 2, —1 , respectively. Since the filter characteristics

are quite sensitive to the accuracy of the constants , an additional

constant will again have to be employed to reduce roundoff error. Each

term will be multi p lied by the constant, then the fina l result divided

by the constant to recover Y(k). The division is accomplished by binary
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point shifting , thus the constant must again be of the form 2n where

n Is an integer.

y(k).(2n) — 211 A0)X(k)+2n(A1)X (k_l)+2
n (A

2
)X (k_2)+2n(81)Y(

k_1)

+2n (B
2
)y(k_2)_2n(2.S) (A +A1+A2+81+82— 1)

The larger that 2n is , the less roundoff error will occur; how-

ever, It should be small enough to avoid overflowing the sixteen—bit

sums during intermediate steps. Since unsigned magnitude arithmetic

Is used, the terms with positive constants must be added first to

avoid negative sums. Thus, positive terms will determine the maximum

value of 2”.

2”(A) x(k) + 2’1(A2) x(k—2) + 2” (B
~
) Y(k-1) < 65536

Using a worst case of 256 for X(k), X(k—2) and Y(k—1),, and substituting

for A0, A2 and B1 :

2”(.98762018) (256)~2r~(•98762018) (256)÷2”(1.9851712) (256) < 65536

2n (1011.305359) < 65536

2” < 64.80337459

Therefore, let 2” = 64 , which yields

- 

- Y(k)•(64) ID 64(A0)x(k)÷64(A1)X(k—1)+64(A2)X(k-2)+64(B1 )Y(k—1)

+61i(82)Y(k— 2)—64(2.5)(A0+A 1+A2+B1+B2
—1) (6—li)
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Multiplying each constant by 64 and round i ng yields:

A : .98762018 (64) ID 63.20769152 -‘- 63

A 1 : — 1.9752404 (64) ID —126.4153856 -‘—126

A
2 : .98762018 (64) 63.20769152 -‘ 63

B : 1.9751712 (64) = 126.4109569 9- 126

B2 : — .97530950 (64) ID —62.419808 -‘ .62

Dividing each rounded result by 64 yields the actua l value of the con-

stant used.

A0’ = = .984375

A1 ’ 
126 = -1.96875

A2’ — — .984375

81 ’ 
=. i~~~ = 1.96875

B
2’ 

= — .96875

Substituting these va l ues in Eq (6—11) yields:

Y(k)•(6’i) = 63.X(k) —126 X(k—1) +63-.x(k—2) +126 Y(k—1) —62•Y(k—2)

—64(2.5) (.984375—1 .96875+.984375+1 .96875— .96875-1)

Y(k)(64) = 63 x(k) —126 X(k—1) +63•x(I-—2) +126 Y(k—1) —62~Y(k—2) —O

Y(k) = 63•x(k) +63•x(k—2) +126 Y(k-1) —126 X (k— 1) —62 Y(k--2)

64 (6—12)

The division by 64 is accomplished by binary point shift i ng.
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While the inputs are eight bits , the intermediate sums and filter

output are sixteen bits (only eight bits are output from the filter

algorithm; however, sixteen bits are available interna l to the algor—

ithm) . It was found experimentally that eight bit accuracy of Y(k 1)

and Y(k—2) was not sufficient to prov ide proper filter results (see

explanation in Chapter IV). The solution was to break Y(k—1) and Y(k 2)

i nto two terms, Integer and fraction, to ach i eve Sixteen bit accuracy

in these terms. Since the fractiona l part is stored as an integer

number , the product of the integer portion times a constant must be

divided by ei ght (using binary point shifting) before inc l usion in the

summation .

Y(k) =t~3.X(k) ÷63 x(k—2) +l26~Y(k— 1) m t  +{126•Y(k—1) frac~
81

—126~X(k—1) —62•Y(k—2) —{62 Y(k—2)
m t  frac

64 (6—13)

Another situation that requires a’~ditiona l consideration Is the

filter response to a step i nrut. A step of sufficient magnitude

(depends on prior inputs and outputs , but always greater than 2.5 volts)

will produce overshoot on the output. In many cases, this presents no

problem; however, in certain cases the overshoot will carry outside the

• 0—5 volt output range (0—256 Internally). Since the hardware cannot

generate such values , the algorithm enters an e oneous and irrecoverable

state. To prevent such an occurrence, a software check is made to en—

- 
- 

sure that a negative result does not occur after any of the subtractions ,

and that the final sum (before division by 64) does not exceed 16383
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( 256(64) —1 ID 3FFF16). If such a condition occurs, X(k—1), X(k—2),

Y(k—1), and Y(k—2) are reinitia lized to 128 to make it “look” like

the step origin was from 128 (2.5 V), then Y(k) is recalculated . This

will correct any situation since the prob l em cannot occur whenever the

step magnitude < 128. The conditions l ead i ng to this problem were

examined by executing the algorithm on a HP—29C programmable cal cula-

tor, one step at a time. This allowed for analysis of the situation

and formulation of a recovery techni que. As a by-product, the algor—

tthm does not need initializati on; it Is self—initializing whenever

• erroneous results occur. The HP—29C program is listed in Appendix D.

Fig. 6—3 lists the complete filter algor i thm.

3—Ax is Al gorithm

In the 3—axis autop ilot program , the filter rout i ne is interleaved

with the data i nputs. The A/D conversions are accomplished in parallel

with the filter routine , interrupt I/O being used to input data when

I I A/D conversion is complete. This technique is possible because A/D con—

vers ions take approx imately 220 pscc (could be decreased to 100 lisec, if

necessary) while each software multiplication takes from 650 to 800 isec

(determined by number of instructions x instruction time). Fig. 6—4

Is a flowchart of the entire 3—axis autopilot program. The actual pro—

gram listing is in Appendix E . The values of constants used are

listed in fig. 6—5, while the CPU register assignments are listed In

fi g. 6—6. -

The comp lete 3—axis program also contains three subroutines (add,

subtract, and multiply) , and an interrupt routi ne to input data.
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Fi gs. 6-7 through 6—10 are flowcharts for these routines .

Chapter VI I will describe how this software, along with the

hardware described In chapter V , was used in conjunction with a hybrid

ccmpu.ter simulation to test the performance of the ent i re concept.
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RO Program counter

Ri Interrupt routine pointer

R2 Stack pointer

R3 — Multiply subroutine operand 1 poInter and result upper byte

pointer

— Add and subtract subroutines operand 1 pointer

R4 — Mult iply subroutine operand 2 pointer and result lower byte

pointer

— Add and subtract subrout ines operand 2 poInter

R5 Used by multiply subroutine for accumulated product

R6.0 Multiply subroutine loop counter

R6 Pointer to ALE address location
• 

R7 Mu ltiply subroutine program counter

R8 Subtract subroutine program counter

R9 Add subroutine program counter

RA Pointer for input data

RB-RF Not used

Figure 6-6: CPU Register Assignments
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VII. Test Procedures and Results

After development of the required hardware and software, the result-

ing system was tested for proper operation. Testing was accomplished

in several stages of increasing comp l exity. The results were then evalu-

ated to determine the performance of the digita l A/P, and thus, a measure

of success towards meeting the study object i ves.

Test Procedures

Testing was accomplished in two basic modes: static and dynamic.

Static testing i nvolves input ting signals from a DC power supply and/or - -

AC function generator, and observing the output on an oscilloscope and/or

chart recorder. This mode requires no special equipment and can be

accomplished in the School of Eng ineering laboratories. The intent of

this method is to ver i fy the basic operation of the algorithm before

proceeding to more sophisticated testing. Such i tems as gain va l ues,

limiting processes, filter operation , and frequency lim its can be ob—

served in this manner.

Dynamic testing involves interfacing with a six degree of freedom

hybrid simulation of the XBQM—106 aircraft , sensors, actuators , and

analog A/P that is resident In the WPAFB computer center. The time

responses to various inputs can be observed in this manner , and the digi-

• - tal A/P performance can be compared to the simulation of the analog A/P.

(As a by—product , severa l errors in the hybrid simulation were corrected

when ~he di g ita l A/P response failed to agree with the analog simulation.)

In order to facilitate quick hook—up to the simulation patch board , a

special cable and plug-in printed circuit card were fabricated to allow 

~~~
_ ±~~: 
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interfacing by simply plugg i ng the card into the prototyping board.

A variat ion of the dynamic testing mode is the use of a mock—up

control Station to input pilot commands to the system. Fig. 7—1 shows

the digita l A/P connected to the hybrid simulation , and Fig. 7—2 shows

the control station mock—up.

Testing is accomplished in order of increasing complexity. The

following is a chronolog i cal list of the testing process:

Static Single—Axis Testing. This test was used mainly as a soft—

ware debugging aid. Once the algorithm appeared to be operating prop-

erly, the next step could be accomplished.

Dynamic Single—Axis Testing . The initial attempt of this method

was to verify proper hook-up to the hybrid Simulation . Once accomplished ,

time responses to various inputs were obtained . Comparison to the analog - -

A/P response allowed verification of the A/P loop gains. The single—

axis static and dynamic tests were then repeated for each of the other

two axes. Since the washout filter was not yet incorporated into the

yaw axis , it was disconnected in-the analog simulation.

Static Filter Testing. This method was used to assist in debugging

the yaw washout filter software. Once proper operation was obtai ned,

the filter frequency response characteristics were recorded on a chart

• recorder, and are discussed in the results sect ion of this chapter.

Static Single—Ax is w/Filter Testing. The yaw axis software and the

filter software were combined and debugged.

Dynamic Single—Axis w/Filter Testing. The yaw filter In the analog

simulation was reconnected and the digita l A/P response compared to the
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analog simulation.

Static Three—Axis (w/Filter in Yaw) Testing . The software for the

complete A/P was developed and debugged.

Dynamic Three—Axis (w/Filter In Yaw) Testing . The digital A/P

responses were compared to the analog simulation , applying forcing func-

tions to each axis separately, then all three axes simu l taneously.

Axis cross-coupling effects were observed. Time responses were recorded

on chart recorders and are discussed in the results section of this

chapter.

Dynamic Three—Axis (w/Filter in Yaw) Testing Using Command Console.

The command console was used to determine wh i ch of the effects observed

in the time response are significant. Personnel from the Mini — RPV

Group (including the chief fli ght test pilot) were utilized to prov i de

subjective judgements as to the “handling qualities ” of the digital A/P

compared to the ana l og A/P.
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Result ,

Digital Washout Filter Testing Results. The dig ital wash ut (high—

pass) filter in the yaw rate loop was Implemented as a recursive soft—

ware algorithm In the microprocessor. To insure numerica l stability and

desired performance, a frequency response test of the filter was accom-

plished . Sinusoids of varying frequencies were input to the filter , and

output responses were recorded. Fi gure 7—3 gives the strip—chart results.

Inputs are shown on the top, and outputs on the bottom of each run. Sam—

p11mg frequency and the filter equations are based upon — 50 HZ. Note

that high—pass filtering is shown by the characteristic attenuation of

the input sinusoidal amplitudes a~ frequencies decrease past the cutoff

point , 
~c 

= .25 HZ (1.57 rad/sec). This experimental cutoff frequency

represents a 12~ difference when compared to the infinite word length

digital filter , 
~~~ 

in chapter IV = 1.4 rad/sec). This difference

can be attributed to the effects of sixteen—bit word length arithmetic

and possible errors in the recording equipment. Although not shown, phase

coherence is also preserved.

Filter responses to input square—waves were also done in a similar - 
-

manner. Results are shown in fig. 7—4. Filter performance is again

demonstrated by noting that high frequency rise time components pass

through the filter unattenuated , whereas the DC plateaus of the square—

wave decay back to the 2.5 V center reference.

In genera l , this testing process provides an excellent means of “de-

bugg ing” problems in the filter. Filter mechanization and proof of per-

formance are achieved . Once the filter was shown to perform satisfactor-

i l y , it was incorporated In the yaw rate software control algorithm.
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D~g3 ta l Versus Analog Autopilot Test ing Results. The primary means

of determining dig ital A/P performance is through a qualitative compari-

son of the time responses generated by each A/P (simulated analog versus

di gital). If similar performance characteristics are obta i ned , the ob—

ject ive of this study is met: to design a digita l A/P capable of emula—

ting the analog A/P. The analog A/P is represented on a hybrid simulator

as a non—linea r 6DOF model. Comparison with the actual flying A/P cannot

be made at this time . The following is a summary of test results:

Pitch Attitude Controller. Figs. 7—5 and 7—6 present the analog and

digital A/P responses, respect i vely, to a 20 degree step pitch up command

(Oc)• The primary outputs of interest , pitch attitude (0), pitch rate

(~~~
) ,  angle of attack (a), and elevator deflection 

~~~ 
show excellent re-

product ion. Both A/P’s achieve the commanded 20 degree pitch angle in

roughly the same time . Both drift down to the 12 degree steady—state

attitude similarly. The di g ital A/P does appear to be somewhat less damped

in the transient response, more so in ~. This may be attributed to quan—

tization effects in the control software. Overall performance of this

controller is quite comparable. No deleterious effects are noted.

Roll Attitude Controller. Figs. 7—7 and 7—8 provide the test re-

sults of the roll attitude controller to a 20 degree step rol l ri ght corn

rnand (q~~ ). The primary outputs of interest are roll ang le (q ) ,  rol l rate

(3), s desflp angle (8), and aileron deflect i on 
~ a~’ 

Secondary coupled

axis outputs include yaw ang le (
~~~

) ,  and yaw rate (
~). A comparison of

the two A/P responses in 4 reveals nearly identical waveshapes, both in

the transient and steady—state. The dig ita l 4 and 6a responses show
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slightly increased , but not excessive, rippling after 1.5 seconds.

Again , finite wordlength and quantization effects are dominant. Per-

formance, however, is not degraded due to the small peak—to-peak ampli-

tudes of the oscillations. These similar oscillations are noted in

di g ital ip but are no problem . Results for this controller show good

reproducib ility .

Yaw Rate Controller. Figs. 7—9 and 7—10 illustrate the resulting

responses of the yaw rate controller to a -3.3 deg/sec step yaw rate

command (ipC). Primary outputs include ~i , j i , 8 and rudder deflection

~~~ 
Secondary cross—coupling outputs inc l ude q, ~, and uSa. *, *

• and B responses for both A/P’s are nearly identical. I~u Is shown to

ach i eve the commanded yaw rate in the steady—state for both A/P’s. A

slight aberration is noted in the transient response of the digita l

rudder output 
~~r~’ 

but this should not be a problem.

A comparison of cross—coupling outputs, especially in rol l rate

(q)  and aileron deflection (uSa) yield what first appears to be poor cor—

- . relation. The di gital outputs of 4 and uSa are shown to go into sus-

ta m ed steady—state oscillations. At first glance, this behavior Is

unacceptable. On closer scrutiny , however, the resul ts are acceptable.

The peak—to—peak magnitudes of the oscillations are smaller than the

resolution of the rate sensors and actuators. Thus, the RPV would not

• see these effects. Quantization and lIm it cycling may contribute to this

phenomena. For simulation purposes, the yaw rate input to the rudder

produces a cross—coupled susta i ned aileron (ISa) oscillation of about 0.3

degrees. This is almost unnot i ceable. When the di gital A/P was flown on

the manual control station , the oscillations could not be detected in any

manner.
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In genera l , di g ita l yaw rate controller performance is , again , quite

comparable to the analog controller. No instabilities or potential prob-

lem areas exist.

Di gital Controller Performance Versus Sampling Frequency Test Results

The next logica l course of action was a test of digital controller

performance as a function of sampling frequency 
~~~~~ 

This brief analysis

allows the determination of a range of potential sampling frequencies , and

insures that the one chosen for fina l controller implementation will not

induce Instabilities in the system.

Pitch Attitude Control ler. This section presents the four primary

pitch attitude controller outputs as a function of f5. These Include 4,

(fig. 7—11), 3 (fig. 7—12) , a (fig. 7—13) and uSe (fig. 7—14). Five

sampling frequencies are considered : 30 HZ, 10 HZ, 5 HZ , 3 HZ, and 1 HZ.

A 20 degree step pitch up forcing function is commanded (e~). -

Results clearly show that as the f5 decreases to about 2.5 HZ to

3 HZ, successive time response degradation ensues. The controller s how-

ever, is still stable but progressively slow and undamped. Below 2.5 HZ

the controller appears to go unstable for all four variables. At 1 HZ,

the elevators (uSe) are shown to be oscillating and control is destroyed.

Based upon this graphic aralysis , it is not inconce i vable that the f5 can

P - be decreased to as low as 5 HZ. Other di gita l controllers referenced In

V the literature have used sampling frequencies as low as 10 HZ.

Roll Attitude Controller. A similar analysis is made for the roll

rate c~ontroller. Outputs include 4’ (fig. 7—15), 3 (fi g. 7—16), 8 (fig.

7—17), and 6a (fIg. 7—18) for the following f
5
: 30 HZ, 10 HZ, 5 HZ. A

brief inspection , again , reveals progressive performance degradation as
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decreases. The controller goes unstable at about 1.5 HZ (not shown).

Roll attitude (4,) and sides li p (8) are quite stable for all three cases.

Rapid undamp i ng and attendant steady—state oscillations appear for rol l

rate (4,) and aileron deflection (IS ).as f5 decreases. Because the system

is still stable above 1.5 HZ, these tradeoffs may have to be acceptable

if f5 is required to decrease from its present val ue, f5 50 HZ.

Yaw Rate Controller. A test of the yaw rate controller was made for

several f5, but not recorded. Results were In agreement with the two

controllers above.

Overall Evaluation

This chapter has succeeded In establishing basic digital A/P testing

procedures and the results of comparative simulation time response test—

ing. Digi tal A/P performance has been shown to be very similar to that

of the analog A/P. Hence, a major requirement of this study has- been sat-

isf led with assurance. Differences in system performance, -rot unexpectedly,

can be attributed to such parameters as finite wordlength, noise, limit

cycling, etc.
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V III. Conclusions and Recommendations

A low—cost microprocessor—based dig ita l A/P for the XBQM-106 M ini—

RPV has been constructed in breadboard form, and its performance shown

to be comparable to the existing analog A/P. Although no cost analysis

A has been performed , the hardware costs are qu i te modest since all corn—

ponents are quite inexpensive (and should become even more so in the

future). Thus, it appears that a low—cost microprocessor—based A/P is

feasible.

As a by—product , three unanticipated beneficial results were real-

i zed. First , several errors in the hybrid simulation were corrected

when its response failed to agree with the dig ital A/P. Second, a

washout (high—pass) filter in the pitch axis of the existing ana log A/P

was removed when control analysis showed its effects to be detrimental

to system performance. Third , the pendulum sensor in the yaw axis was

removed when simulation results showed it to be of questionable value.

This investigation also revealed several additional i tems that might

prove beneficial to the RPV program. First , there are no performance

specifications existing within the program. Although probably not needed

in the earlier stages of the program , the more sophisticated nature of

future deve l opments would surely benefit by a forma l definition of system

requirements. Second, the servo actuators are the primary limitation to

improved control system performance. Al though their ultra-low cost makes

them an excellent choice for the system as It is used now, any required

improvement In control system performance will have to i nvestigate meth-

ods of improving actuator characteristics. These mi ght inc l ude replace—
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ment, redesigr~, addition of compensators , etc.

Since this project is basically a feasibility study, additiona l

work needs to be completed before a practical di gital A/P is realized.

The follow i ng i tems have been Identified as areas which need additiona l

consideration , and as such, would be suitable for follow—on study:

——- Improve performance of the present design by operating the
A/D converter and microprocessor at maximum speeds

———Construct a flight testable version of the present bread—
board digita l A/P

-—— I ncorporate additional functions (such as altitude hold and
heading holding) into the digital A/P as they are incorpor-
ated into the analog A/P

———Incorporate additional functions into the digital A/P that
are not included in the ana log A/P (such as failsafe , mixer ,
etc.)

——— Investigate algorithm synthesis for pre—progranmed mission
profiles (such as loiter patterns) -

———Investigate the interfacing of seeker guidance control loops
into the A/P

———Improve processor capability by replacing the CDP—1802 micro—
processor with the new upward compatible CDP—1804 microprocessor

———Mon i tor sixteen—bit microprocessor developments (particular—
ly cost and peripheral chip costs) to determ i ne if a low—
cost digital A/P can be built using this technology. Ob-
vious ly, this is useful only if capabilities can be obta i ned
that are not realizable with an ei ght—bit processor

———Perform a sampled—data control system analysis •

In conclusion , the twin objectives of this study have been met wi th

success. First , a linear control model for the analog A/P has been dev—

eloped. Thus, future RPV performance criteria can be Investigated mathe-

matically rather than by present “hit or miss” methods. Secondly, a
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low—cost microprocessor—based A/P has been shown to be feasible , and

has the potential for superior performance when compared to the analog

A/P if all RPV requirements are considered.
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Appendix A

The purpose of this appendix is to augment the discussion in

Chapter II concerning RPV transfer functions. In  particular , this

section includes the following :

——Transfer function derivation

——Transfer function l istings: tables A— 12 A”13a ,b

—-Transfer function frequency responses: fig. A—la — A—I l

——Transfer function time responses: fig. A— l2a A—27b

——Transfer function root loci: fi g. A—28a — A— 41

—-Free RPV airframe responses (hybrid simulation): fig. A—42 — A—4 9

Derivation of Linear XBQM—106 RPV Transfer Functions

A complete control analysis of the longitud i na l and latera l —d i rec—

tioral axes requires that the aircraft transfer functions be known.

An interactive computer program, the AFFDL McG l ynn program (1973) , I s

used via INTERCOM , to der i ve the representat i ve transfer functions for

three flight conditions (Ref:31):

Altitude (ft ,msl*) Weight (ib) Mach

Case I 1000 135 .125

Case II 3000 135 .125

Case III 6000 135 .125

* Mean Sea Leve l

Program inputs consist of desired fli ght case parameters and aerodynamics

data. Laplace transfer functions are generated as program output. Aero-

dynamic data called for in the program Is extracted from current wind

tunne l data pro~ided by the MInI-RPV Group/AFFDL (Ref:39). “Standard”
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control surface def l ection notation is used to insure proper sign

convention of the input data (see fig. 2—3, Chap. II). Each re-

quested output transfer function (for Case II only) is listed in both

standard (root locus) and alternate (Bode) form in Tables A— 12 and

A-13. The AFFDL McGlynn program consists of two subprograms : TTYLON

If (longitud i nal axis), and TTYLAT (lateral axis).

TTYLON

TTYLON ca lculates either the full longitud i nal axis (phugoid and

short—period ) transfer functions or the short—period approx imation

transfer functions. This study deals with only the full transfer func—

tions. Input parameters consist of specified non—dimensional s tabi l i ty

derivatives and RPV constants (flight case parameters). The input aero

data is the same for all three cases and is listed in Table A—i. Inter-

mediate output data , depicted in Tables A—2, A—3, and A-4 shows the

following information :

——Flight case data - echo of input constants

——Non—dimensional derivative matrix — “trim—conditioned” deriva—
tives calculated for Table A—i

——D imensiona l derivative parameter matrix — body axes derivatives
calculated from non-d imensional derivative matrix

TTYLAT

TTYLAT calculates both the roll and yaw axis transfer functions.

Input aero data is the same for all three cases and is listed as a

non—d iThensional derivative matrix in Tables A—5 , A—6 , and A—7. These

three tables also present the following information:
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——Fl i ght case data — echo of input constants

--Non—dimensional derivative matrix - echo of Input aero data

—-Dimensiona l derivative parameter matrix - body axes derivatives
calculated from non-dimensional derivat i ve matrix

Once the required input data is entered interact i vely into either pro—

A gram, the desired transfer functions are chosen from a menu of avail-

able options. The resulting transfer functions are then calculated in

both polynomia l and factored form.

Linea r Longitud inal Equation s

A brief description of the longitudinal transfer function deriva-

tion is essential to an understanding of the linearization process

involved. McG lynn (Ref: 30;31) describes the l i~-iear longitudinal equa-

tions of motion in body axes as follows :

~X + ~T COS CT = m(ji + W0q + 8g COS 8~)

t~Z - t~T S I N  C
T 

= m(U0& - U0q + 0g S I N  e
~

)

t~M + 1~T ZT COS CT = I
yy~

Variable and coefficient definitions are listed in (Ref: 3O). These

equations are transformed into a standard perturbation matrix model of

the form

which relates forward veloc i ty (U), ang le of attack (cs) , pitch rate (q) ,
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and pitch attitude (0) to elevator disp lacement 
~~~ 

and thrust (1).

The model is expressed in Laplace form by:

ii-
- - - — COSc — -
(1-x ,)s- x

~ 
-X~S-X~ W0~•~X q gCOS O U m 

T 6e

I SINc
-z~s—z ,.~ (Uo

_Z
~

)S_ Z
a ~IJ0~Zq gS INO ct z~~- m 

T L~T

—M S—M -M S-M S-M 0 q 
= 

M :ZTCOSCT
U q 

~

0 0 -i S 8 0 1 0

The body axes dimensional derivative parameters used in this matr ix

(eg. X~, X )  are derived in the program by man i pulation of the equations

presented in Tables A—8 and A—9. Conversion equations in Table A 9  re-

quire a program cal culated trim angle of attack which is not supp lied

as an input parameter. Solution of the perturbation rwtrix for specific

transfer functions (eg. 0”~e’ 
e/o~

) follows the conventional Cramer ’s

Rule technique (Ref:Zi;17;21;30;31;32;42).

Linear Lateral Equations

From (R ef:30;3 1 ) ,  the set of linea r lateral equation s of mot i on

(body axes) is described by:

tiv = m(V T~ 
- W0p + 1J0r — 4 gCOSO 0)

1~L = i  p — I  ~xx xz

= p + rtan0 0

= rICOSO 0
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These differential equations are transformed into the Laplace perturba-

tion matrix model wh i ch consists of the following:

(V T
_Y

B
) S_v

s 
_W0_Y p U0 Y~ -gCOSO0 ~ 

Y~~Vo

—L S—L S—L — ,L).~.LS—L 0 P L !L
‘I / r 

~A~~R R
xx

—N~S—N 8 (.f~Z_)S~Np S
~
Nr 0 r N

~~
N
6R

0 — l —tan O S 4, 0 ’ O
L ° .~~~~~. .~~~~~~~~~~..

The body axes dimensiona l derivative parameters (eg. Y~, Li,) are derived

in the program by manipulations presented in Tables A-b and A— il . Matrix

solution for desired transfer functions is accomplished , again , via Cramer ’s

Rule (Ref:4;17;21;30;31;32;42). -

Transfer Functions

Table A— 12 includes longitud i nal transfer functions for pitch at-

titude (0), pitch rate (0), angle of attack (a) end forward veloc i ty (U ,

rad/sec) related to elevator deflection (5e)~ ~ is important to note

that both the phugoid and short—period modes are incorporated in the

equations (Ref 4:35) .

Table A— 13 inc ludes the more common latera l—d irectional (rol l and

yaw) transfer functions. Roll (4,), roil rate (4,), yaw (4,), yaw rate

(4,) , and sides lip (
~~~

) are expressed relative to both aileron deflection

and rudder deflection (ôr)~ 
Roll subsidence , spiral divergence ,

and dutch roll factors are Implic it in the functions (Ref 4:118). Three

f l i ght cases are described .
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Frequency Responses

The following transfer function frequency responses are depicted

for each axis:

Pitch : fig. A—la A—3b

Rol l  : f i g. A— ka — A— 7

Yaw : fig. A—8a A 1 l

Note that frequency responses are also shown with the actuator servo

mu ltip i led by the basi c transfer function . These can be used directly

to determine system gain and bandwidth In the forward loop.

Time Responses

The following transfer function time responses to selected forci ng

functions are shown for each axis:

Pitch fig. A— h a -. A—16b -

Roll : fig. A— l 7a — A-20

Yaw : fig. A—2 1a — A—27b

Again , actuator responses are included .

Root Loc i

The following transfer function root loc i are depicted for each

axis:

Pitch : fig. A—28a — A—33b

Rol l : fig. A— 34a — A— 37

Yaw : fig. A—38a — A 41

Note that magnified loc i are shown for selected functions so as to aid

in analysis. Actuator inclusions are especially help ful in showi ng loci

branch i ng effects.
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Free RPV Airframe Responses

The following time responses are shown for similar forc i ng functions

used in fig. A— 12a A—27b:

Pitch : fi g. A— 42 — A— ie3

Roll : fi g. A—44 — A—4 5

Yaw : fig. A-46 A 1 i9

These strip chart record i ngs were generated from a six degree—of—freedom

(6DOF) non—linea r RPV model on hybrid simulation .
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Table A—i

Longitudinal Axis Input Aero Data (Cases I, II , i i i )

Mnemonic* Vakie Units

MACH 0.125 ———
CL (AOA=o) 0.340

CIA 0.094 per deg —

CLDE 0.012 per deg

CLQ 7.0 per rad

CLAD 1.15 per rad

CLMAX 1.2

CM (AOA=o) —0.06

CMA —0.03 per deg

CMDE (ADA) —0.043 per deg

CMQ —17. per rad

CMAD —4. per rad

CDMIN 0.048

CL (CDMIN) 0.18

KCL2 0.0565

DEMIN 0. deg

KDE2 0. per deg2

TMAX 50. lbs

*Refer to list of symbols and definition s -
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- 
Case I (Longitud ina l Axis)

Flight Case Data
MACH • .12500 VFPS* 139.30 I~SND* 1114.37

- 
ALT • $000. QDYN* • 22.39 DEN~ .0023080
WGHT • 135. IVY . 25. AREA 18.18

- CG 5.420 REFCG 5.420 CHORD 1.65
GAMMA* • 0.000 EPSTH • 0.000 ZT -.798

- 

- 
AOA* .165 ELEV* —2 .002 THRST* • 20.07

- Non—Dimensional Derivative Matrix
Perturbation CD - CL CM

- 0 (per rad) ~O4929653 .33148420 .02115278
M (per rad) 0.00000000 0.00000000 0.00000000

- - A (per deg) .00160907 .09400000 -.03000000
• AD (per rad) 0.00000000 1.15000000 -4.00000000

Q (per rad) 0.00000000 7.00000000 —17.00000000
DE (per deg) .00020541 .01200000 - .04300000

Dimensional Derivative Parameter Matr ix*
Perturbation X Z M
U (per rad) —.67850E—Oi — .45105E+0O .89411E—02

- UD (per rad) — .39358E—07 .i3664E—04 .l29liE—O li
- A (per rad) .24707E+02 — .52742E+03 —.45298E+02

AD (per rad) .19033E—02 — .66079E+OO — .62437E+OO
Q (per rad) .11586E—Oi — .40222E+0l — .26536E+01

- DE (per rad) — .9497OE+O0 — .66708E+02 — .64932E+02

* Internally Ca l culated
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Table A—3

Case II (Longitudinal Axis )

Flight Case Data
MACH .12500 VFPS* 138.33 VSND* • 1106.63
ALT 3000. QDYN* 20.81 DEN* . .0021749
WGHT . 135. IVY • 25. AREA 18.18
CG . 5.420 REFCG 5.420 CHORD • 1.65
GAIIMA* • 0.000 EPSTH • 0.000 ZT • -.708
AOA* .457 ELEV* • —2 .211 THRST* • 18.82

Non—D i mensional Derivative Matrix
Perturbation CD CL CM
0 (per rad) .04975951 .35647010 .02135203
14 (per rad) 0.00000000 0.00000000 0.00000000
A (per deg) .00187447 .09400000 -.03000000
AD (per rad) 0.00000000 1.15000000 —4.00000000
Q (per rad) 0.00000000 7.00000000 —17.00000000
DE (per deg) .00023929 .01200000 -.04300000

Dimensional Derivative Matrix *
Perturbation X Z 14
U (per rad) —.62670E—Ol -~43688E+0O .99904E—02
UD (per rad) — .28498E—06 .35691E 04 .33724E 04
A (per rad ) .26298E+02 — .49034E+03 — . 42086E+O2
AD (per rad) .49369E—02 — .61830E+0O — .58423E+00
Q (per rad) .30053E—01 — .37638E+01 -.24831E+O1
DE (per rad) — .74112E+0O — .61995E+02 — .60339E+O2

*~nternally Calculated
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Table A-le

Case_ Ill (Longitudinal Axis )

Flight Case Data
MACH • .12500 VFPS* 136.86 VSND* 1094.91
ALT • 6000. QDVN* • 18.60 DEN* .0019863
WGHT • 135. iVY 25. AREA 18.18
CG 5.420 REFCG . 5.420 CHORD 1.65
GAMMA* 0.000 EPSTH • 0.000 ZT —.708
AOA* . .948 ELEV* —2.562 THRST* • 17.15

Non—Dimensional Derivative Matrix
Perturbation CD CL CM
O (per rad) .05069293 .39831758 .02175485
14 (per rad) 0.00000000 0.00000000 0.00000000
A (per deg) .00231897 .09400000 ~.O300000O
AD (per rad) 0.00000000 1.15000000 —4.00000000
Q (per rad) 0.00000000 7.00000000 —17.00000000
DE (per deg) .00029604 .01200000 -.04300000

Dimensional Derivative Parameter Matrix *
Perturbation X Z 14
U (per rad) — .55397E—O1 — .41714E+O0 .11507E—O1
UD (per rad) ~.1116liE—O5 .67502E—04 .63789E—04
A (per rad) .28515E+02 — .43874E+O3 — .3761IE+02
AD (per rad) .92373E—02 — .5585~E+OO — .5278lE+OO
Q (p~r rad) .56242E—01 - — .34007E+01 — .22438E+01
DE (per rad) — .45057E+00 — .55435E+02 — .53947E+O2

* Internally Calculated
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Table A-5

Case I (Lateral Axis)

Flight Case Data
MACH .12500 ALT • 1000. WGHT • 135.

AOA • 0.00 SPAN • 11.17 AREA 18.18
lxx 9. IZZ 32. IXZ • —2.
QDYN~ 

. 
. 22.39 VFPS~ 139.30 DEN* .0023080

Non—Dimensiona l Derivative Matrix
Perturbation CV CL CN
B (per deg) — .01800000 — .00060000 .00290000
P (per rad) 0.00000000 — .45600000 — .02600000
R (per rad) ,75000000 .07500000 —.35000000
BD (per rad) 0.0O0~i00O0 0.00000000 0.00000000
DA (per deg) .00180000 .00420000 -.00021000
DR (per deg) .00265000 .00015000 -.00135000

Dimensional Derivative Parameter Matrix *
Perturbation V L N
B (per rad) — .10006E+03 —.17113E+02 .23291E+02
P (per rad) 0. — .90989E+01 — .11238E+00
R (per rad) .29167E+01 .14965E+01 — .19666E+01
BD (per rad) 0. 0. 0.

• DA (per rad) .10006E+02 .11979E+03 — .16866E+01
DR (per rad) •14731~+02 •42783E+01 — . 10843E+02

* Internally Calculated
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Table A-6

Case II (Latera l Axis )

MACH • .12500 ALT 3000. WGHT • 135.
AOA • 0.00 SPAN • 11.17 AREA • 18.18
lxx 9. IZZ 32. IXZ • —2.
QDYN* • 20.81 VFP~~ 138.33 DEN* .0021749

Non—Dimensional Derivative Matrix
Perturbation CY CL CN
B (per deg) -.01800000 — .00060000 .00290000
P (per rad) 0.00000000 -.45600000 -.02000000
R (per rad) .75000000 .07500000 — .35000000
BD (per rad) 0.00000000 0.00000000 0.00000000
DA (per deg) .00180000 .00420000 - .00021000
DR (per deg) .00265000 .00015000 — .00135000

Dimensional Derivative Parameter Matr ix*
Perturbation Y L N
B (per rad) — .92981E+02 — . 15903E+02 .21644E+02
P (per rad) 0. — .85145E+01 — .10516E+00
R (per rad) .27293E+01 .14004E+01 — .18403E+01
BD (per rad) 0. 0. 0.
DA (per rad) .92981E+01 .11132E+03 — .15673E+01
DR (per rad) •13689E+02 .39757E+01 — . 10076E+02

* Internally Calculated
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Table A-7

Case III  (Lateral Axis )

Flight Case Data
MACH • .12500 ALT • 6000. WGHT • 135.
AOA • 0.00 SPAN 11.17 AREA . 18.18
lxx • 9. IZZ 32. IXZ • ~2.
QDYN* • 18.60 VFPS* • 136.86 DEN* .0019863

Non—Dimensional Derivative Matrix
Perturbation CV CL CN
B (per deg) — .01800000 —.00060000 .00290000
P (per rad) 0.00000000 — .45600000 -.02000000r R (per rad) .75000000 .07500000 -.35000000
BD (per rad) 0.00000000 0.00000000 0.00000000
DA (per deg) .00180000 .00420000 — .00021000
DR (per deg) .00265000 .00015000 — .00135000

Dimensional Derivative Parameter Matr ix*
Perturbation V L N
B (pe rad) — .83130E+02 — .11i218E+02 •19351E+02
P (per rad) 0. —.76939E+0l — .95023E—01
R (per rad) .24663E+01 .12654E+Ol .16629E+Ol
BD (per rad) 0. 0. 0.
DA (per rad) .83130E+01 .99525E+02 -.14013E+01
DR (per rad) .12239E+02 •35545E+0 l -.90082E+01

I

* Internally Calculated
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Table A-B

Dimensional Derivative Parameters

Longitud inal — Stability Axes

~~~~~~~~ ~~~~~~~~~~~~~~~~ 1~f ~~,~~~Vr (ç,, #~~~~)

1
1 SVr (c .-C~~) j ~~~_,~s!r (Càt~~~~)  g~a~ D~5i4~~ ~~~~

4~ z;:~-,”~~~ ~~~

= _ _ _  
C _,~3E CL~ M’

y~ ~~~~~~~~ ~~ - ,as&~r
2 

~~, ,t~~
i.. ,~sv~

2 
~

Non—Dimensional Derivative s Per Radian
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Table A— 9

Longitudina l Stability Axes to Body Axes Cor~version

~~ ces2c - # x cos~c # ~ ~, sm2
= cos ix + (x ~ - ~~~ - ~~~ 3/ ~%J 2 

~
(

Xg = -

2
= X,,~ e4c - ~ , S/~J ~~sI /

Xr X~r Ci’s e c E  .TMJA(

2
= c~s a — — X~) si~t ’1c a — x 

~ S/~U #~:
= ~DS ~~ + (~~ ~~

- x~) srnI~ ~~~~~~~~~~~~~~ ,~ ~~~~~. S/A)

- X,~~iu.c

~~~~~~~~~~ Cej ,C~~~ %~~j , ,~~~~ 3~~

~ =E ’ CDJ~~~ # X ~5/4’K

= 
~~~~~~~~~~~~~~ — ,.,,~~ ~~~~~~~ ~~~

/
II
~i

= M
~

~~~~
ub
o
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Table A-b

~— Dimensional Derivative Parameters

Lateral-Directional—Bod y Axes

y ~~~~~ ~ ~~~~~ 
2~, 

_ _ _ _
ó

y~ .,aS Vrb Cy, flSVr b 2

~~~~: ~~SVr b Cy ~~~ flSVr 6 2 C~ ~
11i~r~ 

,os V~b2 C~,4Z ~~ 4r ~~
y.:~~~~3VT~~~~ y .  ~~~~~~~~~~~~~~~ 

g. ~~S~ r b Z Cn~

~A ‘2m 
~~~~~~ 

~ 
~~~~ c.~

>~= ~~~sVr
2 CY~ i~~ j~~: p 3LIr Zb c1

1
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Table A—li

Lateral Stability Axes to Body Axes Conversion

= °C~ Cy~ cf/Al ~
= 

~~~~~~~~~~~~~~ 
.t-

e : C

• C ’ t~e3 - C,’ S’A.”(

~ ~~~ Co~ ~~ ~~~ 
5/i)2 

- (c~ ~ ~€ : CbS ~
= C), i!o.s ~~c - 

~~

- - 

~~ )3/4uk ec~sA~
= —

~~~~~
. ~ - C11, 5/~ 

ic

= CAN — C!

~~ S (
4 ~~~~~~ *

4, 
~~~ 

- ~ ,c~
, t (~ - C,,’ )ci~ux Co5 k

4- ~~~
‘ ,‘ ,4.

S C,~. 3i~tJ D~ ~~
- C,, ~~~s ~

(

4,d
CIA~~’~’ X  ~~C~’~~~e~#$D

= s’~’~ ,~- Ci,. e~s~

Note: A l l primed coefficients appear as input data In the program TTYLAT .

175

4 
- 

“
~~~~~~~~~~~~~~

‘- — — —  -_ _ __ _ _  -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Table A-12

&o ngttudinii RPV Transfer FunctionS

TransFer Standard Form lode ore
Functi on I S $

~(s~ T’~ ~~~~~~~~~~~~~~~~~~~~~~ 
(~ .5€2)\~~~~~~~ J ~~~~ /

— 
~~ 1 O I S + .lOlI.) (S~ .Y. O32~~+53.lOtZT . 

~~~j i~
’ s+111

(6o.o79)(S+.09o38)1S.3.2043) (3.231)(~~~~~
41)&Th~3 

.1)

(S’+.o57os+.IO87)(S +6.S838s+49.5~~9) 2~~~6) s.~
j ~~~~~~~ 

s+

~

(53.7311)(S+ .08735)(S+2.8915) (2.7zll6)( b!7!~ 
.I)(~—~~5 +l)

1~~~~~O5S+.Il82)(Sz+5.979O5~~2.142~) ~~~~~~~~~~~~~~~~~ S+]
I~
;h~ 

(~;~;) 

~1

Tr.nsfer Standird Form Sod. Fore Ca..
Function_~j •  ~~ ~~ 766)(S+13~.32)(S
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•
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2
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2j )~~~~ ~~ 
•
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~~ ~ 

S~~ 1 2(. l.68) c÷i
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~
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2
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Table A-13

Lateral RPV Trans fer Functions

Transfer Standard Form lode Form Ca+t
Fun Ct ion 

(12 1 .09) (S 2 +2.~~6~S+2 3.9O76) (10341.01) ~~~~~ 
tj

2~l s,i~

Br 1 ~~ I22l5) (S,9. 9kI)(S’+2.7372S+2uI.~~75J 
(~~~~~~~~~~

-

~

- .i)~~
-
~~zi- 

~~ ~ S+l~
j

(11 2.52) (52*2.Ii766S+22.1686) (lol73.%) II 7B~1~’ ~~~~~~
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- +i) 
~~~~~~ 

2t.25k) 5~

1

NOTE:

• 3(S)I6~(S) — •(SW$~(S) . (S) (PHIDOT/DA)

• Transfe r Sta ndard Form Bode Form Cas*
Function 1

— 
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_i)[(~
_-
~~~ + ~~~~ s+~~

DA (S .00 2215)(S+9.1941)(S2+2.73725424 9275)(S) s(_ _1)(~~
.
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]
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~~~~~~~~ ~ ~ 
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4l)(iB~~~~

41)
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~‘ 
[7 S ~~~
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J

I s V s V S \
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Table A—1 3 (Continued)

Latera l IPY Transfer ~unciont (Continued)
Transfer Standard F*rm lode Furm Ca..Function

~1~~T 
PSI (1L142)( S+8.9926 )(S ’+.466865+ .,997) ~~~~~~~ 

, ~~~~~~~~~~~~~— 
r Br (5—.OOI22I5)(S+9.J94l)(S~+2 73725,24 9275)(~~~~~ —1 )~~~~~~

.+:).~~ 2 
+

______________________________________ (7o.97)(E T L~ 
, !~ 21. s+i]

__________ 
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J
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~
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_
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+
~
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S

II 

________ 
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If Transfer Standard Form lode Form CaseFunct ion

S BETA
________________________ 

____ S
• 
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~.0O122l 5
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+
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S 
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,..i
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P111001/DR PLANT FREQUENCY RESPONSE
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Figure A—1 5a: 0/6 * Actuator Time Response
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Figure A— 15b: elSe * Actuator Time Response
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Figure A—17b: l
~P/iSa * Actuator Time Response
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Fi gure A-19b: ~/6 Time Response
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Figure A—21a: *18 Time Response (Step)
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Figure A-21b: *t’iSr Time Response (Pulse)
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Figure A—22a : *~
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Figure A—22b: **‘Sr * Actuator Time Response (Pulse)
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Appendix B

Autopilot Gain Description s

The purpose of this appendix is to provide the gains necessary to

perform the A/P model analysis (chapter it) and di gital A/P mechaniza-

tion (chapter VI). Basic analog A/P feedback loop gains are given in

(Ref 29) and were determined by manual tuning of a hybrid simulation

analog A/P. Fi gure B-i illustrates the general gain structure. This

can be applied to any or all the various control loops. Note that all

gai ns are mechanized in the feedback loops onl y. The electrica l gains ,

those that can be tuned for performance specifications , are indicated

by KR and KA, respective l y. These were measured experimentally in the

laboratory as a check of those listed in (Ref 29).

— 

Gains for Linear Control Analysis (chapter ii)

The control analysis of chapter II requires total DC loop gains.

These are calculated by reference to Fig. B—i as follows:

KRL (Rate Loop) = (KACT)(KR)(KRS)

KAL (Attitude Loop) = (KACT )( K
A

)( K
VG
)

Table B—i provides a sumary of these gains.

Gains for Digital A/P Controllers

The digita l controllers require feedback gains for their imp lemen-

tation in software. These gains were measured electrica lly, directly

from the analog A/P and follow the basic structure of Fig. B-2. Results

are also included in table B—i.
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Appendix D

HP—29C Programmable Calculator Program to Examine Filter
Characteristics on a Step—by—Step Basis

Line Keycode Step Coments

01 15 13 01 gLBL 1 Initialize
02 01 1 Initialize
03 02 2 initialize
04 08 8 Initialize
05 23 01 STO 1 in Itialize
06 23 02 STO 2 Initializ e
07 23 04 STO 4 initialize
08 23 05 STO 5 Initialize
09 74 R/S Stop and wait for input
10 15 13 02 gLBL 2
11 23 00 STO 0 Store input , x (k)
12 24 06 RCL 6 Recall A
13 61 X X ( k) x ~~

• 14 24 01 RCL 1 Recall X ?k—1)
15 24 07 RCL 7 Recall A116 61 x x (k—i) x A1
17 51 4-

18 24 02 RCL 2 Recall X (k—2)
19 24 08 RCL B Recall A2
20 61 X X (k—2)xA 2
21 51 4-
22 24 04 RCL 4 Recall Y (k—i)
23 24 09 RCL 9 Recall B1
24 61 X V (k—i) x B1
25 51 +
26 24 05 RCL 5 Recall V (k—2)
27 24.0 RCL .0 Recall B228 61 X V (k—2) x B 2
29 51 +

30 06 6 +64
-~~~ 31 04 4 ÷64

32 71 4- +64
33 23 03 STO 3 Store V (k)
34 24 04 RCL 4 V (k-1)-.-V (k—2)
35 23 05 STO 5 V (k—1)-+Y (k—2)
36 24 03 RCL 3 V (k)~V (k—i)
37 23 04 STO 4 V (k)+V (k~1)
38 24 01 RCL 1 x (k—i )+x (k—2)
39 23 02 STO 2 X (k—1)--$ x (k—2)
40 24 00 RCL 0 x (k)-.-x (k-i)
41 23 01 $10 1 x (k)-’-x (k—i)
42 24 03 RCL. 3 Display V (k)
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43 74 R/S Stop and wait for input
44 13 02 GTO 2 Go to label 2 (line 10)

Register Allocation :

RO — x (k) Ri - X (k—I ) R2 — X (k—2)

R3 - V (k) R4 — V (k-i) R5 - V (k—2)
R6 — A0 R7 — A 1 R8 - A2
R9 - B 1 R.0 — B 2

To Use:

————Load program. 
-

————Store constants in R6 through R.0 (Includ i ng sign).

———-Depress 65B 1 to initia lize.

————Enter input and depress R/S for each Iteration. 128 represents
2.5 volts (center) and 256 represents 5 volts (full scale).
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Appendix E

Di g ital Autopilot Program Listing

0000 ; ..LISTI NG FOR XBQM ’106 DIGITA L AUTOP I LOT
• 0000 ; ..FOR USE WITH CDP18O2 MICROPROCESSOR

0000 ; ..OCCUPIES 3/4 K BYTES
0000 COF000 LBR 00 ..GO TO MONITOR
0003 F804 LDI 04 ..POINTER TO PAGE 4 FOR R1-R4, R6-RA
0005 Bi PHI 1 ..
0006 82 PHI 2 ..
0007 B3 PHI 3 ••  

I I

0008 84 PHI 4 .. I I

0009 86 PHI 6 ..
000A B7 PHi 7 ..
000B B8 PHI 8 .. I I

000C B9 PHI 9 •~~ I I

000D BA PHI A ..
000E E6 SEX 6 .. SET RX = 6
000F F8A9 LDI A9 .. A9-~D
0011 A6 PLO 6 ..A9-’R6.O (ADDRESS OF TEMP)
0012 F801 LDI 01 .. 01÷D
0014 56 STR 6 .. 01~ M (R6) (o-1 -’+i(A9), 01 IS A/D MUX ADDRESS)
0015 67 OUT 7 .. LATCH MUX ADDRESS 01 AND START CONVERS I ON
0016 F889 LDI B9 .. B9+D
0018 A2 PLO 2 .. B9’4R2.0 (LOCATI ON OF STACK)
0019 F8c0 LDI CO -. CO+D
OO1B Al PLO 1 .. CO-s-R1.0 (LOCATION OF I NPUT I NTERRUPT ROUT I NE)
OO1C F8BO LD1 BO .. BO+D
OO i E AA PLO A .. B0-s-RA.O (LOCATION OF YAW RATE INPUT)
GOlF A3 PLO 3 .. 60 -R3 (LOCATION OF FIRST INPUT)
0020 F8CA LDI CA .. CA-÷D
0022 A9 PLO 9 .. CA-÷R9.0 (LOCATI ON OF ADD SUBROUTINE)
0023 F8D6 LDI D6 .. D6÷D
0025 A8 PLO 8 . D6-s-R8.0 (LOCATi ON OF SUBTRACT SUBROUTINE)
0026 F8E2 LDI E2 .. E2-’-D
0028 A7 PLO 7 .. E2+R7.0 (LOCATI ON OF MULTIPLY SUBROUTINE)
0029 00 IDL .. WAIT FOR YAW RATE CONVERS I ON TO COMPLETE

• 002A ;
002A ; .• INITIAL I ZATI ON OF 2ND CONVERS I ON (YAW PENDULUM) FOLLOWS
OO2A 26 DEC 6 .. REPOSITION PO I NTER TO TEMP (A9)
0028 F802 LDI 02 . 02+D
002D 56 STR 6 .. 02-si-i (R6) (02 -.’M(A9), 02 iS A/D MUX ADDRESS)
002E 67 OUT 7 .. LATCH MUX ADDRESS 02 AND START CONVERS I ON
002F F8AB LD I AB ., AB -‘ D

• 0031 AA PLO A .. AB -
~~ RA.O (LOCATION OF YAW PENDULUM INPUT)

• 0032 ;
• - 0032 ;

~ 
.. A~ • X(k) FOLLOWS

0032 F8BB LDI BB .. BB -+ D
0034 Ak PLO 4 .. BB 9’ R1I.O (POINTER TO OPERAND 1)
0035 03 LDN 3 .. RETR IEVE x(k) (YAW RATE)
0036 54 STR 4 .. x(k) -s-M(R4) (X(k) + OPERAND 1)

236

4
-  —.--.-- - • • • - •  - I- -~~~~ .~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ _ _  

..—
~
--“---—----- 

_____ , • ___ ______ I_ Ii_ ,__ i____ _ • _ 
- —--- -I- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -• “---I-

•——---------- ---- - —~~- • - I—~~~-.I



~~~~~~~~ -

0037 F8BA LDI BA .. BA ~ D
0039 A3 PLO 3 .. BA + R3,O (POINTER TO OPERAND 2)
OO3A F83F LDI 3F .. 3F -+ D
OO3C 53 STR 3 .. 3F + M(R3) (3F + OPERAND 2)
OO3D D7 SEP 7 .. GO TO MULTIPLY SUBROUTINE
003E ; .. -
003E ; .. I N I T I A L I ZAT I ON OF 3RD CONVERS I ON (ROLL RATE) FOLLOWS
003E E6 SEX 6 .. RESET X
OO3F 26 DEC 6 .. REPOSITION POINTER TO TEMP (A9)
0040 F8O3 LDI 03 .. 03 4- D
0042 56 STR 6 .. 03 -s. M(R6)(03 -+M(A9), 03 IS A/D MUX ADDRESS)
0043 67 OUT 7 .. LATCH MUX ADDRESS 03 AND START CONVERS I ON0044 1A INC A .. INCREMENT INP UT LOCAT I ON
0045
0045 ; .. A2 X(k—2) FOLLOWS
0045 F8B2 LDI B2 •. B2 9’ 0
0047 A3 PLO 3 .. B2 + R3.O (POINTER TO X(k—2))
0048 F8BD LDI BD . SD - -  D
OO4A A4 PLO 4 .. BD 4’ R4.O (POINTER TO OPERAND 1)
00kB 03 LDN 3 .. RETRIEVE X(k—2)
DO1iC 54 STR 4 .. x(k—2)-.- M(R4), (x(k—2) -s- OPERAND 1)
0040 F8BC ID) BC .. BC-s- 0
004F A3 PLO 3 .. BC 4’ R3.O (POINTER TO OPERAND 2)
0050 F83F LDI 3F .. 3F + D
0052 53 STR 3 .. 3F - M(R3) (3F + OPERAND 2)
0053 D7 SEP 7 .. GO TO MULTIPLY SUBROUTINE
0054 ;
0054 ; .. SUMMATI ON OF A • X(k) + A2 . X(k”2) FOLLOWS
0054 23 DEC 3 .. REPOSITI8N OPERAND PO I NTER
0055 D9 SEP 9 .. GO TO ADD SUBROUTINE
0056

— 
- 0056 ;. .. INITIAL IZAT I ON OF 4TH CONVERS I ON (ROLL GYRO) FOLLOWS

0056 E6 SEX 6 .. RESET X
0057 26 DEC 6 .. REPOSITION POINTER TO TEMP (A9)
0058 F8O4 LDI 04 .. OLe + D
005A 56 STR 6 .. Ok -

~~ M(R6), (04 + M(A9), c-k is A/D MUX ADDRESS)
005B 67 OUT 7 .. LATCH MUX ADDRESS 04 AND START CONVERS I ON
OO5C 1A INC A .. INCR EMENT INPUT LOCATI ON

• 005D ;
OO5D ; .. B~ . Y(k 1) FOLLOWS
005D F8B3 LDI ~3 •. B3 9
005F Ak PLO 4 .. B3 -‘ RIe.O (POINTER TO Y(k—1))
0060 04 LDN 4 .. RETRIEVE Y(k—1)
0061 53 STR 3 .. Y (k—1)-s’ M (R3)5 (Y(k—1)-.- OPERAND 1)
0062 F8BB LDI SB .. BB -+ D
0064 Ak PLO 4 .. BB + R4.O (POINTER TO OPERAND 2)
0065 F87E LDI 7E .. 7E + D
0067 54 STR 4 .. 7E + M(R4) (7E 9- OPERAND 2)
0068 07 SEP 7 .. GO TO MULTIPLY SUBROUTINE
0069 ;
0069 ; .. PREV I OUS SUMMATION + B1 • Y(k 1) FOLLOWS
0069 13 INC 3 .. POS ITI ON PO INTER TO OPERAND 1
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006A 14 INC 4 .. POSITION PO I NTER TO OPERAND 2
OO6B 14 INC 4 ..
006C D9 SEP 9 .. GO TO ADD SUBROUT I NE
OO6D ;
OO6D ; •. I N I T I A L I ZAT I ON OF’ 5TH CONVERS I ON (PITCH RATE) FOLLOWS
006D E6 SEX 6 .. RESET X
006E 26 DEC 6 .. REPOSITION POINTER TO TEMP (A9)
006F F805 101 05 .. 05 -“ 0
0071 56 STR 6 .. 05 + M (R6), (05 4’ M(A9), 05 IS A/D MUX ADDRESS)
0072 67 OUT 7 .. LATCH MUX ADDRESS 05 AND START CONVERS I ON
0073 1A INC A .. INCREMENT I NPUT LOCATION
0074
0074 ; • B • Y(k—1) FRAC FOLLOWS
0074 F8B5 LDI ~5 .. B5 + 0
0076 Ak PLO 4 .. B5 -s- R4.O (POINTER TO Y(k—1) FRAC)
0077 04 LDN 4 .. RETR I EVE Y(k—1) FRAC
0078 53 STR 3 .. Y (k—1 ) FRAC+ M(R3), (Y(k—1) FRAC + OPERAND 1) -•

0079 F8B6 LDI BB .. SB + 0
0075 Ak PLO 4 .. SB -s. R4.O (POINTER TO OPERAND 2)
OO7C F87E LDI 7E .. 7E -+ D
007E 54 SIR 4 .. 7E + M(Rk) (7E + OPERAND 2)
007F 07 SEP 7 .. GO TO MULTIPLY SUBROUTINE

• • 0080 ;
0080 ; ,. DIVISION OF ABOVE PRODUCT BY 8 FOLLOWS (SHI FT 8 PLACES
0080 ; .. RIGHT)
0080 03 LDN 3 .. RETRIEVE 8 MSB’S OF PRODUCT
0081 54 STR 4 .. PLACE I NTO 8 LSB’S OF PRODUCT
0082 F800 LDI 00 .. 00 9- D
0084 53 SIR 3 •. ZERO I NTO 8 MSB’S OF PRODUCT
0085 ;

• 0085 ; •, PREVIOUS SUMMAT I ON + B1 . Y(k—1) FRAC FOLLOWS
0085 13 INC 3 .. POSITION POINTER TO OPERAND 1

• 0086 14 INC 4 .. POSITION POINTER TO OPERAND 2
0087 14 INC 4 .. I I

0088 ~9 SEP 9 .. GO TO ADD SUBROUTINE
0089 ;
0089 ; ..INITIAL I ZATI ON OF 6TH CONVERS I ON (PITCH GYRO) FOLLOWS
0089 E6 SEX 6 .. RESET X
008A 26 DEC 6 .. REPOSITION POINTER TO TEMP (A9)
OO8B F806 LDI 06 .. 06 + 0
008D 56 STR 6 .. O~6 + M(R6), (06 -s- M (A9), 06 IS A/D MUX ADDRESS)
OO8E 67 OUT 7 .. LATCH MUX ADDRESS 06 AND START CONVERS I ON
O08F 1A INC A .. INCREMENT INPUT LOCAT ION
0090 ;
0090 ; .. A1 ‘ X(k-I) FOLLOWS
0090 F8B1 101 ~1 .. Bi -+ 0
0092 Mi PLO 4 .. 61 + Rk.0 (POINTER TO X(k-1))
0093 04 LON 1. •~~ RETRIEVE X(k—1)
0094 53 STR 3 .. X (k—1)-s’ M (R3), (x(k—1)-~ OPERAND I)
0095 F8BB IDI BB .. SB + D
0097 ALe PLO 4 - .  BB + R4.O, (POINTER TO OPERAND 2)
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0098 F87E ID) 7E .. 7E + D
009A 54 STR 4 .. 7E • M(R4), (7E + OPERAND 2)
009B 07 SEP 7 .. GO TO MULTIPLY SUBROUTINE
OO9C ; ..
009C ; .. PREV I OUS SUMMATION — A1 • X(k—1) FOLLOWS
OO9C 13 INC 3 .. POS ITION POINTER TO OPERAND 1
0090 14 INC 4 .. POSITION POIN TER TO OPERAND 2
OO9E 14 INC 4 .. I I

009F D8 SEP 8 .. GO TO SUBTRACT SUBROUTINE
OOAO ;
OOAO 3BE8 BNF E8 .. GO TO OVER FLOW IF SUBTRACTI ON RESULT NEG
00A2 ;
00A2 ; ., B9 Y(k—2) FOLLOWS
OOA2 F8B4 IDI ~k .. B4 + D
OOA4 Ak PLO 4 .. Bk + R4.O, (POI NTER TO Y(k 2))
OOA5 04 LDN 4 .. RETR I EVE Y(k—2)
OOA6 53 STR 3 .. Y(k—2)+ M(R3), (Y(k—2)-s.OPERAND 1)
OOA7 F8BB LDI BB •. BB + D
OOA9 Ak PLO 4 .. SB + Rk.O (POINTER TO OPERAND 2)
OOAA F83E LDI 3E .. 3E + 0
OOAC 54 STR 4 .. 3E + M(R4), (3E + OPERAND 2)

F OOAD D7 SEP 7 ., GO TO MULTIPLY SUBROUTINE
OOAE ;

• OOAE ; •. PREV IOUS SUMMATION — B, • Y(k—2) FOLLOWS
OOAE 13 INC 3 ., POSITION POINTER I’O OPERAND I
OOAF 14 INC 4 .. POSITION POINTER TO OPERAND 2

• 0050 14 INC 4 ,.
OOB1 D8 SEP 8 .. GO TO SUBTRACT SUBROUTINE
OOB2 ;

• OOB2 3BE8 BNF E8 .. GO TO OVERFLOW IF SUBTRACTI ON RESULT NEG
00Bi4 ;
OOB4 ; .. B, . Y(k—2) FRAC FOLLOWS
OOB4 F8B6 LDI ~6 .. B6 + D
OOB6 ALe PLO 4 .. B6 + R4.O, (POINTER TO Y(k—2)FRAC)
0087 04 LDN 4 •. RETR I EVE Y(k—2) FRAC
OOB8 53 STR 3 .. Y(k—2) FRAC + M (R3), (Y(k-2) FRAC + OPERAND 1)
00B9 F8BB LDI BB .. BB + 0
OOBB Ak PLO 4 .. SB 9- Rk.0, (POINTER TO OPERAND 2)
OOBC F83B LDI 3E .. 3E + D
OOBE 54 STR 4 .. 3E + M (Rk), (3E + OPERAND 2)

• OOBF D7 SEP 7 .. GO TO MULTIPLY SUBROUTINE
OOCO ; ..
OOCO ; •. DIVISION OF ABOVE PRODUCT BY 8 FOLLOWS (SH IFT 8 PLACES
OOCO ; .. RI GHT)
OOCO 03 LDN 3 .. RETR I EVE 8 MSB’S OF PRODUCT
OOC1 54 STR 4 .. PLACE INTO 8 LSB’S OF PRODUCT
OOC2 F~OO LDI 00 .. 00 + 0
DOCk 53 STR 3 .. ZERO INTO 8 MSB’S OF PRODUCT
OOC5 ;
00C5 ; .. PREV I OUS SUMMAT I ON - B, Y(k—2) FRAC FOLLOWS
00C5 13 INC 3 .. POSITION POINTER TO OPERAND 1

239

4 - - - • - — -— a.— ~~--, -.
_.S_..



-- 
—

__
~~J~~~~

_

a.~~~
••

00C6 14 INC 4 .. POSITION POINTER TO OPERAND 2
OOC7 14 INC 1~ i i

ooC8 D8 SEP 8 .. GO TO SUBTRACT SUBROUTINE
00C9 ; S.
OOC9 3BE8 BNF E8 ,. GO TO OVERFLOW IF SUBTRACTION RESULT NEG

• OOCB ;
OOCB ; .. CHECK FOR EXCESSIVE SUM (A ONE IN 2 MSB’S) FOLLOWS

• OOCB 04 LDN 4 .. RETRIEVE SUM
00CC FE SHL .. SHIFT LEFT (MSB +DF)
OOCD 33E8 BDF E8 .. GO TO OVERFLOW IF D F 1
OOCF FE SHL .. SHIFT LEFT (MSB—i + OF)
OODO 33E8 BOF E8 .. GO TO OVERFLOW IF DF=1
OOD2 ;
0002 ; .. REPOSITION OF VALUES OF NEXT ITERAT ION FOLLOWS
00D2 F8B5 LDI 85 .. 85 + 0
OOD4 A3 PLO 3 .. 65 -

~~ R3.0 (POINTER TO Y(k—1) FRAC)
0005 43 IDA 3 .. RETR I EVE Y(k-i) FRACT
0006 53 SIR 3 .. Y(k-l) FRAC+ Y(k—2) FRAC
0007 23 DEC 3 .. REPOSITION POINTER TO Y(k—1)
0008 23 DEC 3 ..

L 00D9 23 DEC 3 ..
OODA 43 IDA 3 .. RETRIEVE Y(k—I)
00DB 53 STR 3 .. Y(k—1) + V(k—2)
OODC 23 DEC 3 ., REPOSITION POINTER TO X(k’l)
000D 23 DEC 3 ..
000E 23 DEC 3 ..
000F 43 IDA 3 .. RETRIEVE X(k—i)

I: OOEO 53 SIR 3 .. X(k—1) -s.x(k—2)• OOE1 23 DEC 3 .. REPOSITION POINTER TO X(k)
OOE2 23 DEC 3 ..
00E3 43 IDA 3 .. RETR I EVE x(k)
OOE4 53 SIR 3 ., X(k) + x(k—1)
00E5 COO100 LBR 0100 .. GO TO NEXT MEMORY PAGE (PAGE 01)
00E8 ;

j 00E8 ; .. OVERFLOW ROUTINE FOLLOWS
~~

- OOE8 F8B6 LDI 86 .. B6 -s. 0
OOEA A3 PLO 3 .. 86 + R3.0, (POINTER TO Y(k-2) FRAC)
OOEB F800 LDI 00 .. 00 + 0

OOED 53 SIR 3 .. 00+ M(R3), (00 + Y(k—2) FRAC)
OOEE 23 DEC 3 .. REPOSITION POINTER TO Y(k—i) FRAC
OOEF 53 STR 3 .. 00 ‘s. Y(k—1) FRAC
OOFO 23 DEC 3 •. REPOSITION POINTER TO Y(k—2)
OOF1 F880 LDI 80 .. 80 ~ 0
OOF3 53 SIR 3 .. 80 -s. M(R3), (80 -

~~ Y(k—2))
OOF4 23 DEC 3 .. REPOS ITI ON POINTER TO Y ( k—1 )
00F5 53 SIR 3 .. 80 + Y(k—1)
00F6 2~ DEC 3 ,. REPOSITION POINTER TO X(k—2)
OOF7 53 STR 3 .. 80 + x(k—2)
OOF8 23 DEC 3 •. REPOSITION PO I NTER TO X(k—1)
O0F9 53 STR 3 .. 80 + X(k ’l)
OOFA 23 DEC 3 .. REPOSITION POINTER TO x(k)
OOFB E6 SEX 6 .. RESET X
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OOFC 302A BR 2A .~~ GO TO OO2A (THRU FILTER ALGORITHM AGAIN)
OOFE 00 IDL .. USED BY MONITOR
00FF 00 I DL ., USED BY MON I TOR
0100 ;
0100 ; .. DIVISION BY 64 (BY BINARY PO I NT SHIFT I NG) FOLLOWS
0100 F8BA LDI BA .. BA + 0
0102 AA PLO A .. BA -“ RA.O, (POINTER TO UPPER BYTE OF RESULT)
0103 F8B5 LDI B5 .. B5 -‘- D

• 0105 A3 PLO 3 .. B5 + R3.O (POINTER TO Y(k—1) FRAC)
0106 14 INC 4 ., POS ITION PO INTER TO LOWER BYTE OF RESULT
0107 OLe LDN 4 .. RETRIEVE LOWER BYTE
0108 FE SIlL .. SHIFT LEFT
0109 54 STR 4 .. REPLACE LOWER BYTE
OIOA 24 DEC 4 .. POSITION POINTER TO UPPER BYTE
O1OB 04 LDN 4 .. RETRIEVE UPPER BYTE
O1OC 7E SHLC •. SH I FT LEFT WITH CARRY—IN
O1OD 54 STR 4 .. REPLACE UPPER BYTE
O1OE 14 INC 4 .. POS ITI ON PO INTER TO LOWE R BYTE
O1OF 04 - 1DM 4 ~. RETRIEVE LOWER BYTE
0110 FE SHLC .. SHIFT LEFT
0111 53 STR 3 .. LOWER BYTE + Y(k—1) FRAC
0112 23 DEC 3 .. POSITION POINTER TO Y(k—1)
0113 23 DEC 3 ..
0114 24 DEC 4 .. POSITION POINTER TO UPPER BYTE
0115 04 1DM 4 .. RETR I EVE UPPER BYTE
0116 7E SHLC .. SH IFT LEFT WITH CARRY—IN
0117 53 STR 3 •. UPPER BYTE + V(k—1)
0118 5A STR A .. UPPER BYTE + OPERAND 1
0119 ; S.
0119 ; ..YAW AXIS COMPUTAT I ONS FOLLOW
0119 ;
0119 ; ..FILTERED YAW RATE X GAIN FOLLOWS
0119 F8BA 101 BA .. BA -s. D
D u B  A3 PLO 3 .. BA + R3.O, (POINTER TO OPERAND 1)
O11C F8BB 101 SB .. SB -3- D
O11E Ale PLO 1. •, BB + R4.O, (POINTER TO OPERAND 2)
O11F F875 IDI 75 .. 75 -s. D
0121 54 STR 4 .. 75 -s. M (R4), (GAIN VALUE 75 + OPERAND 2)
0122 07 SEP 7 .. GO TO MULTIPLY SUBROUTINE

• 0123 ;
• I- 

- 0123 ; ..YAW PENDULUM X GAIN FOLLOWS
0123 F8AB 101 AB .. AB + D
0125 M PLO A .. AB + RA.0, (POI NTER TO YAW PENDULUM INPUT)
0126 13 INC 3 .. POSITION POINTER TO OPERAND 1

• 0127 13 INC 3 ..
0128 LeA IDA A .. RETR i EVE YAW PENDULUM I NPUT
0129 53 STR 3 .. YAW PENDULUM INPUT -’- OPERAND 1
O12A 14 INC 4 .. POSITION PO I NTER TO OPERAND 2
0126 14 INC I. •~ ~1

012C F817 LDI 17 .. 17 -s. 0
012E 54 STR 4 .. 17 + N(R4), (GAIN VALUE 17 -s- OPERAND 2)
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012F 07 SEP 7 .. GO TO MULTIPLY SUBROUTINE
0130 ;
0130 ; .. SUMMATION OF INNER AND OUTER LOOPS FOLLOWS
0130 23 DEC 3 .. POS ITION POINTER TO OPERAND 1
0131 09 SEP 9 .. GO TO ADD SUBROUTINE
0132 ;
0132 ; .. SAVING OF SUM IN TEMP (A9—AA ) FOLLOWS
0132 F8A9 101 A9 .. A9 + 0

0134 A3 PLO 3 .. A9 + R3.O, (POINTER TO TEMP UPPER BYTE)
0135 44 IDA 4 .. RETRIEVE UPPER BYTE
0136 53 SIR 3 .. UPPER BYTE + TEMP (A9)
0137 13 INC 3 .. POSITION POINTER TO TEMP LOWER BYTE (AA)
0138 04 ION 4 .. RETRIEVE LOWER BYTE
0139 53 SIR 3 .. LOWER BYTE + TEMP (AA)
013A ; ..013A ; .. SUM — MAX SUM (65FF) FOLLOWS
013A F8BA 101 BA .. BA + 0
013C A3 PLO 3 .. BA + R3.O (POINTER TO OPERAND 1 UPPER BYTE)
013D F865 LDI 65 .. 65 + D
013F 53 SIR 3 .. 65 + M (R3), (65 + OPERAND 1 UPPER BYTE)
0140 13 INC 3 ., POSITION TO OPERAND 1 LOWER BYTE
0141 F8FF LDI FF .. FF ~ D
0143 53 STR 3 .. FF + M(R3), (FF + OPERAND 1 LOWER BYTE)
0144 D8 SEP 8 .. GO TO SUBTRACT SUBROUTINE
0145 ;
0145 ; ..CHECK FOR EXCESSIVE SUM FOLLOWS
0145 336F BDF 6F .. TO MAX IF SUBTRACTION RESULT POS

: 0147 ;
• 01k7 ; ..RECALL OF SUM FOLLOWS

0147 F8A9 101 A9 .. A9 + D
0149 A3 PLO 3 .. A9 + R 3O (POI NTER TO TEMP UPPER BYTE)
OlkA 1e3 IDA 3 .. RETR IEVE TEMP UPPER BYTE
0148 54 STR 4 ., UPPER BYTE + OPERAND 1
014C 14 INC 4 .. POSITION POINTER TO OPERAND 2
0140 03 ION 3 ., RETRIEVE TEMP LOWER BYTE
O1IeE 54 STR 4 .. LOWER BYTE + OPERAND 2

— O14F ; ..
014F ; ..SUM — M I N  SUM (2600) FOLLOWS
014F F8BA IDI BA .. BA + 0
0151 A3 PLO 3 .. BA + R3,O (POINTER TO OPERAND 1)
0152 F826 LDI 26 .. 26 -s. D

- - 
- - 0154 53 SIR 3 .. 26 + M(R3) (26 -‘- OPERAND 2 UPPER BYTE)

• 0155 13 INC 3 .. POINTER TO OPERAND 2 LOWER BYTE
0156 F800 LDI 00 .. 00 + D
0158 53 STR 3 .. 00 -s. M (R3) (00 + OPERAND 2 LOWER BYTE)
0059 D8 SEP 8 .. GO TO SUBTRACT SUBROUTINE
O 15A ;?
015A ; ., CHECK FOR TOO SMALL A SUM FOLLOWS
015A 3B77 BNF 77 .. TO NIH IF SUBTRACTION NEC
015C ;
015C ; .. DIVISION OF SUM BY 64 (BY BINARY PO INT SHIFTING) FOLLOWS
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015C 14 INC 4 .. POSIT I ON POINTER TO LOWER BYTE
0150 04 LDN 4 .. RETRIEVE LOWER BYTE
O15E FE SHL .. SH I FT LEFT
O15F 54 STR 4 .. REPLACE LOWER BYTE
0160 24 DEC 4 .. POSITION PO I NTER TO UPPER BYTE

• 0161 Ok LDN 1~ RETRIEVE UPPER BYTE
0162 7E SHLC .. SHIFT LEFT WITH CARRY—IN
0163 54 SIR 4 .. REPLACE UPPER BYTE

- 0164 14 INC 4 .. POSITION POINTER TO LOWER BYTE
• 0165 04 ION 4 .. RETR I EVE LOWER BYTE

0166 FE SHL .. SH I FT LEFT
0167 24 DEC 4 .. POSITION POINTER TO UPPER BYTE
0168 Ok LDN 4 .. RETRIEVE UPPER BYTE

- 

0169 7E SHLC .. SHIFT LEFT WITH CARRY—IN
- 016A ;

O16A FDFF SDI FF .. INVERT (NEGATIVE FEEDBACK)
- 

016C ; ..
016C 51e STR 4 .. PUT RESULT IN LOCATION BC FOR OUTPUT
O16D 3070 BR 7D .. TO OUT
016F
016F ; .. MAX FOLLOWS
016F F8BC IDI BC .. BC + 0
0171 Ak PLO 4 .. BC 4- R4.0 (POINTER TO OUTPUT DATA)

- 0172 F800 101 00 .. 00 + D (00 SINCE INVERS I ON NEEDED)
0174 54 STR 4 .. 00 + OUTPUT DATA
0175 3070 BR 70 .. TO OUT
0177 ;
0177 ; .. MIN FOLLOWS

~~
- 0177 F8BC IDI BC .. BC -+ 0

0179 Ak PLO 4 .. BC 1-s. R4.O (POI NTER TO OUTPUT DATA)
- O17A F8FF 101 FF .. FF + D (FF SINCE INVERS I ON NEEDED)

- 017C 54 SIR 4 .. FF + OUTPUT DATA
0170 ;
0170 ; .. OUT FOLLOWS
017D E4 SEX 4 .. RESET X

• O17E 63 OUT 3 .. OUTPUT YAW COMMAN D
O17F ;
017F ; .. ROLL AXIS FOLLOWS
017F ;

- 017F ; .. ROLL RATE X GAIN FOLLOWS
017F F8BA IDI BA .. BA ‘+0

- 0181 A3 PLO 3 .. BA + R3.O (POINTER TO OPERAND 1)
• 0182 4A LDA A .. RETR I EVE ROLL RATE

0183 53 STR 3 .. ROLL RATE + OPERAND 1
0184 F8BB IDI BB .. SB + D

• 0186 Ale PLO 1* .. BB + Rk.O (POINTER TO OPERAND 2)
0187 F81D LDI 1D .. 1D -~ D
0189 54 STR 4 .. 10 M(R4) (GAIN VALUE 10 +OPERAND 2)

- O18A 07 SEP 7 .. GO TO MULTIPLY SUBROUTINE
O18B ;
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018B ; .. ROLL GYRO X GAIN FOLLOWS
0188 13 INC 3 .. POSITION POINTER TO OPERAND 1
018C 13 INC 3 .. 1

O18D 4A IDA A .. RETRIEVE ROLL GYRO INPUT
O18E 53 STR 3 .. ROLL GYRO INPUT -s. OPERAND 1
018F 14 INC 4 .. POSITION POINTER TO OPERAND 2
0190 14 INC 4 ..
0191 F866 LDI 66 .. 66 -s- D
0193 54 STR 4 .. 66 + M(RLe), (GAIN VALUE 66 + OPERAND 2)
0194 07 SEP 7 .. GO TO MULTIPLY SUBROUTINE
0195 ;
0195 ; .. SUMMATION OF INNER AND OUTER LOOPS FOLLOWS
0195 23 DEC 3 •. POSITION POINTER TO OPERAND 1
0196 09 SEP 9 .. GO TO ADD SUBROUTINE
0197 ;
0197 ; .. SAVING OF SUM IN TEMP (A9 M) FOLLOWS
0197 F8A9 101 A9 .. A9 + 0

0199 A3 PLO 3 .. A9 + R3.0 (POINTER TO TEMP UPPER BYTE)
• 019A 44 IDA 4 .. RETRIEVE UPPER BYTE

O19B 53 SIR 3 .. UPPER BYTE + TEMP (A9)
019C 13 INC 3 ,. POSITION POINTER TO TEMP LOWER BYTE (AA )
0190 04 1DM 1~ • RETRIEVE LOWER BYTE
019E 53 STR 3 .. LOWER BYTE -s. TEMP (AA)
019F ;
019F ; .. SUM — MAX SUM (617F) FOLLOWS
019F F8BA IDI BA .. BA + D
O1A1 A3 PLO 3 .. BA + R3.O (POI NTER TO OPERAND 1 UPPER BYTE)
01A2 F861 LOt 61 .. 61 + D
01A4 53 STR 3 .. 61 -s- M (R3) (61 -s- OPERAND 1 UPPER BYTE)
01A5 13 INC 3 .. POS ITION PO INTER TO OPERAND 1 LOWER BYTE

• O1A6 F87F LDI 7F .. 7F + 0
• O1A8 53 STR 3 .. 7F -s- M(R3), (7F + OPERAND 1 LOWER BYTE)

O1A9 D8 SEP 8 .. GO TO SUBTRACT SUBROUTINE
O1AA ;
O1AA ; •. CHECK FOR EXCESSIVE SUM FOLLOWS
O1AA 3304 BDF Dk .. TO MAX IF SUBTRACTION RESULT POS

• O1AC ; ..
O1AC ; .. RECALL OF SUM FOLLOWS
OIAC F8A9 LDI A9 .. A9 -5’ D

• O1AE A3 PLO 3 .. A9 -s. R3.O (POI NTER TO TEMP UPPER BYTE)
OlAF 43 IDA 3 .. RETRIEVE TEMP UPPER BYTE
O1BO 54 STR 4 .. UPPER BYTE + OPERAND 1
O1B1 14 INC 4 .. POS ITI ON PO INTER TO OPERAND 2

-
• O1B2 03 LDN 3 .. RETR I EVE TEMP LOWER BYTE

O1B3 54 STR 4 .. LOWER BYTE + OPERAND 2
O l Bk ;
O1B4 ;~ .. SUM — M IN SUM (2180) FOLLOWS
O1B4 F8BA LDI BA .. BA + D
01B6 A3 PLO 3 .. BA + R3S0 (POINTER TO OPERAND 1)
O1B7 F821 LDI 21 .. 21 -P 0
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O1B9 53 ~TR 3 .. 21 + M(R3) (21 + OPERAND 2 UPPER BYTE)
O1BA 13 INC 3 .. POINTER TO OPERAND 2 LOWER BYTE
018B F880 LDI 80 .. 80 -s. D
0180 53 STR 3 .. 80 -s. M(R3), (80 + OPERAND 2 LOWER BYTE)
O1BE D8 SEP 8 .. GO TO SUBTRACT SUBROUTINE
01SF ; -.
01SF ; .. CHECK FOR TOO SMALL A SUM FOLLOWS
O 1BF 3BDC BNF DC .. TO MI N IF SUBTRACTI ON MEG
OlCl ;
OICI ; ., DIVISION OF SUM BY 64 (BY BINARY POINT SH IFTI NG)
O1CI ; ..FOLIOWS
O1C1 14 INC 4 .. POSITION POINTER TO LOWER BYTE
01C2 04 ION 4 .. RETR I EVE LOWER BYTE
O1C3 FE SHL .. SHIFT LEFT
O 1C4 54 STR 4 ., REPLACE LOWER BYTE
01C5 21. DEC 4 .. POSITION PO I NTER TO UPPER BYTE
01C6 04 ION le ., RETR IEVE UPPER BYTE

• O1C7 7E SHLC .. SHIFT LEFT WITH CARRY—IN
OJC8 54 STR 4 .. REPLACE UPPER BYTE
01C9 14 INC 4 ,. POSITION POINTER TO LOWER BYTE
O1CA 04 ION 4 .. RETR IEVE LOWER BYTE
O1CB FE SHL .. SHIFT LEFT01CC 2k DEC 4 .. POSITI ON PO INTER TO UPPER BYTE
O1CD 04 ION Le .. RETRIEVE UPPER BYTE
DiCE 7E SHLC .. SHIFT LEFT WITH CARRY-IN
O1CF ;
O1CF FDFF SDI FF .. INVERT (NEGATIVE FEEDBACK)
0101 ;
0101 54 STR 4 .. PUT RESULT IN LOCATION BC FOR OUTPUT
0102 30E2 BR E2 .. TO OUT
01D4 ;
O1D4 ; .. MAX FOLLOWS
0104 F8BC LDI BC .. BC + D
0106 Ak PLO 4 .. BC -s. R4.O (POINTER TO OUTPUT DATA)
01D7 F800 LDI 00 .. 00 + 0 (00 SINCE INVERS I ON NEEDED)
01D9 54 STR 4 .. 00 -s.OUTPUT DATA
O1DA 30E2 BR E2 •. TO OUT
O 1DC ;
O1DC ; .. MIN FOLLOWS
O1DC F8BC LDI BC ., BC + D
O1DE Ak PLO 4 ., BC -s. R4.0 (POI NTER TO OUTPUT DATA)
O1DF F8FF LDI FF .. FF + D (FF SINCE INVERS ION NEEDED)
O1E1 54 STR 4 •. FF -s- OUTPUT DATA
01E2 ;
O1E2 ; .. OUT FOLLOWS
O1E2 E4 SEX 4 .. RESET X
O1E3 65 OUT 5 .. OUTPUT ROLL COMMAND
OIE4 ;
O lE le ; .. PITCH AXIS FOLLOWS
01E4 ;
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O1E4 ; ,. PIT CH RATE X GAIN FOLLOWS
OlEk F8BA IDI BA .. BA -.‘D
01E6 A3 PLO 3 .. BA + R3.O (POINTER TO OPERAND 1)
O1E7 4A IDA A .. RETR I EVE PITCH RATE
OIEB 53 SIR 3 .. PITCH RATE + OPERAND 1
01E9 F8BB LDI SB .. BB -÷ D
O1EB A4 PLO 4 ., BB -s- R4.O (POINTER TO OPERAND 2)
O1EC F81C LDI 1C .. IC + D
O1EE 54 STR 4 .. 1C + M (R4) (GAIN VALUE iC- s. OPERAND 2)
O1EF D7 SEP 7 .. GO TO MULTIPLY SUBROUTINE
O1FO C0O400 IBR 0400 .. GO TO NEXT PAGE (PAGE 04)
01F3 00 101 .. UNUSED
+ II IS II

O1FD ‘‘ I I  
••  

U I

• ‘- O 1FE 00 IDL .. USED BY MONITOR
01FF 00 IDL .. USED BY MONITOR

0400 ;
0400 ; ..PITCH GYRO X GAIN FOLLOWS
0400 13 INC 3 .. POSITION POINTER TO OPERAND 1
0401 13 INC 3 ,. ‘S

0402 OA ION A .. RETR I EVE PITCH GYRO I NPUT
0403 53 STR 3 .. PITCH GYRO INPUT + OPERAND 1

0401. 14 INC 4 .. POSIT1ON POINTER TO OPERAND 2
0405 14 INC 4 ..
0406 F8A3 LDI A3 .. A3 + 0

P 0408 54 STR 4 .. A3 + M (Rk) (GAIN VALUE A3 +0PEMND 2)
0409 D7 SEP 7 .. GO TO MULTIPLY SUBROUTINE
O4OA ;
O4OA ; •. SUMMAT ION OF INNER AND OUTER LOOPS FOLLOWS
O4OA 23 DEC 3 .. POS ITI ON POINTER TO OPERAND 1
O4OB 09 SEP 9 .. GO TO ADD SUBROUT I NE
O4OC ;
O4OC ; .. SAV E OF SUM IN TEMP (A9 AA) FOLLOWS
O4OC F8A9 101 A9 .. A9 + D

P O4OE A3 PLO 3 •. A9 -s. R3.O (POINTER TO TEMP UPPER BYTE)
040F 44 IDA 4 .. RETR I EVE UPPER BYTE
0410 53 STR 3 .. UPPER BYTE + TEMP (A9)
0411 13 INC 3 .. POSITION PO INTER TO TEMP LOWER BYTE (AA )
0412 04 ION Z~ •• RETRIEVE LOWER BYTE
0413 53 SIR 3 .. LOWER BYTE 4’ TEMP (M)
0414 ;
0411. ; .. SUM — MAX SUM (7F7F) FOLLOWS
0414 F8BA LDI BA .. BA -s. 0
0416 A3 PLO 3 .. BA + R3.O (POI NTER TO OPERAND 1 UPPER BYTE)
0417 F87F LDI 7F .. 7F -s. 0
0419 53 STR 3 ,. 7F + M(R3) (7F + OPERAND 1 UPPER BYTE)
O41A 13 INC 3 .. POSITI ON POINTER TO OPERAND 1 LOWER BYTE
041B F87F LDI 7F ,. 7F + D

• O41D 53 STR 3 .. 7F + M(R3) (7F + OPERAND 1 LOWER BYTE)
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O~e 1E D8 SEP 8 .. GO TO SUBTRACT SUBROUTINE
041F ;
041F ; .. CHECK FOR EXCESSIVE SUM FOLLOWS
OkIF 3349 BDF 49 .. TO MAX IF SUBTRACT I ON RESULT POS
-0421 ; ..
0421 ; •, RECALL OF SUM FOLLOWS
0421 F8A9 LDI A9 .. A9 + 0
0423 A3 PLO 3 .. A9 + R3.O (POI NTER TO TEMP UPPER BYTE)
0424 43 LDA 3 •. RETR I EVE TEMP UPPER BYTE
0425 54 STR 4 .. UPPER BYTE + OPERAND 1
0426 14 INC 4 .. POSITION POINTER TO OPERAND 2
0427 03 LDN 3 .. RETRIEVE TEMP LOWER BYTE
0428 54 STR 4 .. LOWER BYTE -s. OPERAND 2
0429 ;
0429 ; .. SUM — MIN SUM (3F80) FOLLOWS
0429 F8BA 101 BA •. BA + D
0428 A3 PLO 3 .. BA + R3.,O (POINTER TO OPERAND 1)
O42C F83F LDI 3F .. 3F -s- D
O42E 53 STR 3 .. 3F + M(R3) (3F + OPERAND 2 UPPER BYTE)
O4ZF 13 INC 3 .. POINTER TO OPERAND 2 LOWER BYTE
01.30 F880 LDI 80 .. 80 + D
0432 53 SIR 3 .. 80 -s. M (R3) (80 + OPERAND 2 LOWER BYTE)
0433 D8 SEP 8 .. GO 10 SUBTRACT SUBROUTINE
01.34 ;

- : 0434 ; •. CHECK FOR TOO SMALL A SUM FOLLOWS
0434 3B51 BNF 51 .. TO MIN IF SUBTRACT I ON MEG
01.36 ;
0436 ; ,. DIVISION OF SUM BY 64 (BY BINARY POINT SH I FTI NG)
0436 ; .. FOLLOWS
0436 14 INC 4 .. POSITION POINTER TO LOWER BYTE
0437 04 LDN 4 .. RETRIEVE LOWER BYTE
0438 FE SHL .. SHIFT LEFT

• 0439 54 SIR 4 .. REPLACE LOWER BYTE
O43A 24 DEC 4 .. POSITION POINTER TO UPPER BYTE
O43B 04 LDN 4 .. RETR I EVE UPPER BYTE
043C 7E SHLC .. SH I FT LEFT WITH CARRY—IN
043D 54 SIR 4 ,. REPLACE UPPER BYTE
O43E 14 INC 4 .. POSITION POINTER TO LOWER BYTE
043F Ok LDN 4 .. RETR I EVE LOWER BYTE
0440 FE SHL .. SHIFT LEFT
0441 24 DEC 4 •. POSITION PO I NTER TO UPPER BYT E
0442 Ok ION 4 .. RETRIEVE UPPER BYTE
0443 7E SHLC .. SHIFT LEFT WITH CARRY-IN
0444 ;
0444 FDFF SDI FF .. INVERT (NEGATIVE FEEDBACK)
01.46 ;
0446 54 STR 1. .. PUT RESULT TO LOCATION BC FOR OUTPUT
0447 3057 BR 57 .. TO OUT
0449 ;
0449 ; .. MAX FOLLOWS
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0449 F8BC LDI BC .. BC -s. D
04kB Ak PLO 4 .. BC + R4.0 (POINTER TO OUTPUT DATA)
044C F800 101 00 .. 00 + D (Do SINCE INVERSION NEEDED)
044E 51. SIR 4 ., 00 + OUTPUT DATA
O4kF 3057 BR 57 .. TO OUT
0451 ;
0451 ; .. MIN FOLLOWS
0451 F8BC LDI BC .. BC + D
0k53 A4 PLO 4 •. BC + R4.O (POI NTER TO OUTPUT DATA)
0451. F8FF LDI FF .. FF -s. o (FF SINCE INVERS I ON NEEDED)
0456 54 SIR 4 . FF + OUTPUT DATA
0457 ; .,
0457 ; .. OUT FOLLOWS -

0457 E4 SEX 1. .. RESET X
0458 66 OUT 6 •. OUTPUT PITCH COMMAND
0459 3650 83 50 .. HAS “I” TIMER EXP I RED
045B 3059 BR 59 .. IF NOT TEST AGAIN
0450 C00000 LBR 000E .. BRANCH TO BEGINNING OF LOOP
0460 00 IDL .. UNUSED

okA8
• 04A9 00 IDL .. TEMPORARY STORAGE

O4AA 00 101 .. TEMPORARY STORAGE
O4AB 00 IOL .. STORAGE FOR YAW PENDULUM INPUT
O4AC 00 IDL .. STORAGE FOR ROLL RATE INPUT
O4AD 00 101 .. STORAGE FOR ROLL GYRO INPUT
O4AE 00 101 .. STORAGE FOR PITCH RATE INPUT
O4AF 00 IDL ,. STORAGE FOR PITCH GYRO INPUT
04B0 00 IDL .. STORAGE FOR X(k)
OkBl 00 IDL .. STORAGE FOR X(k—l)
OkB2 00 101. .. STORAGE FOR X(k—2)
O4B3 00 101 .. STORAGE FOR Y(k—1) —

0kB’. 00 101 .. STORAGE FOR Y(k—2
04B5 00 IDL •. STORAGE FOR Y(k—l) FRAC[ 0486 00 IDL .. STORAGE FOR Y(k—2) FRAC
0487 00 101 .. STACK
0488 00 IDL .. STACK
O4B9 00 101. .. STACK
O4BA 00 1 01 •. USED FOR ARITHMETIC OPERANDS[ O4BB 00 IDL .. USED FOR AR I THMETIC OPERANDS
O4BC 00 101 .. USED FOR ARITHMETIC OPERANDS
O4BD 00 IDI. .. USED FOR ARITHMETIC OPERANDS
O4BE ;
O4BE ; .. INTERRUPT ROUTINE FOR DATA I NPUT FOLLOWS.(EXECUT I ON
O4BE ; .. STARTS AT 04C0)

-• 
- 04BE 42 IDA 2 ., RESTORE ACCUMULATOR

O4BF 70 RET .. RESTORE X AND P AND RETURN TO MAIN PROGRAM
OkcO ;
O4C0 22 DEC 2 ., DECREMENT STACK POINTER
okCl 78 SAV .. SAVE STATUS OF X AND P
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O4C2 22 DEC 2 .. DECREMENT STACK POINTER
O4C3 52 SIR 2 .. SAVE ACCUMULATOR
OkCk EA SEX A .. RESET X
04C5 6B INP 3 •. I NPUT DAT A
O4C6 E2 SEX 2 .. RESET X
04C7 3OBE BR BE .. BRANCH SO PROGRAM COUNTER LEFT AT BEG I NN I NG
O4C9 ;
OleC9 ; .. ADD SUBROUTINE FOLLOWS (EXECUTI ON STARTS AT O4CA)
04C9 DO SEP 0 .. RETURN TO M A I N  PR OGRAM

-• O4CA
O4CA Ek SEX 4 .. RESET X
O4CB 03 LDN 3 .. RETR I EVE OPERAND 1 LOWER BYTE
04CC F4 ADD .. ADD LOWER BYTES
o4cD 54 SIR 1. .. REPLACE LOWER BYTE SUM
O4CE 24 DEC 4 .. POS ITI ON PO INTER TO OPERAND 2 UPPER BYTE
O4CF 23 DEC 3 .. POS ITI ON PO I NTER TO OPERAND 1 UPPER BYTE

S O4DO 03 LDN 3 ., RETR I EVE OPERAND 1 UPPER BYTE
O4D1 74 ADC .. ADD UPPER BYTES PLUS CARRY
OkD2 54 STR 4 ,. REPLACE UPPER bYTE SUM
04D3 3OC9 BR C9 .. BRANCH SO PROGRAM COUNTER LEFT AT BEG I NNING
O4D5 ; ..
OkD5 ; .. SUBTRACT SUBROUTINE FOLLOWS (EXECUTI ON STARTS AT 04D6)
04D5 DO SEP 0 .. RETURN TO M A I N  PROGRAM
o4D6 E4 SEX 4 .. RESET X
O4D7 03 ION 3 .. RETRIEVE OPERAND 1 LOWER BYTE• 04D8 F5 SD .. SUBTRACT LOWER BYTES
0409 54 STR 4 .. REPLACE LOWER BYTE RESULT
O4DA 24 DEC 4 .. POSIT i ON PO I NTER TO OPERAND 2 UPPER BYTE
04DB 23 DEC 3 .. POSITION PO I NTER TO OPERAND 1 UPPER BYTE
O4DC 03 ION 3 .. RETR I EVE OPERAND 1 UPPER BYTE
o4Do 75 SDBI •. SUBTRACT UPPER BYTES INCLUDING BORROW
O4DE 54 STR 1. .. REPLACE UPPER BYTE RESULT

• O4DF 3005 BR D5 .. BRANCH SO PROGRAM COUNTER LEFT AT BEG t NN I NG
04E1 ;
OkE l ; .. MULTIPLY SUBROUTINE FOLLOWS (EXECUTION STARTS AT 04E2)
OkEl DO SEP 0 .. RETURN TO MAIN PROGRAM
OkE2 ;
04E2 E3 SEX 3 .. RESET X
O4E3 F8O8 LDI 08 .. 08 + 0
04E5 A6 PLO 6 •. 08 + R6 O, INITIALIZE LOOP COUNTER
04E6 F800 LD I 00 .. 00 + D

04E8 B5 PHI 5 .. 00 -s. R5.I , INITIALIZE ACCUM PROD
OkE9 04 LOt-I 4 ., RETRIEVE MULTIPLIER
O4EA F6 SHR .. SH I FT MULTIPL iER RIGHT
O4EB 3BFO BNF FO .. BRANCH IF LSB WAS NOT A ONE
O4ED 95 GHI 5 .. RETRIEVE ACCUM PROD
OLIEE FL. ADD .. ADD MULTIPLICAND AND ACCUM PROD
01.EF 38 SKP .. SKIP NEXT INSTRUCT ION
04FO 95 GHI 5 .. RETRIEVE ACCUM PROD
04F1 76 SHRC .. SH IFT ACCUM PROD RIGHT
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04F2 B5 PHI 5 .. REPLACE SHIFTED ACCUM PROD
OkF3 04 ION 4 .. RETRIEVE MULTIPLIER
04F4 76 SHRC .. SHIFT MULTIPLIER RIGHT (WITH CARRY)

r OIeF5 51. STR 4 ,. REPLACE SHiFTED MULTIPLIER (BECOMES LOWER
OkF5 ; .. BYTE RESULT THE LAST TIME THRU)
O4F6 26 DEC 6 .. DECREMENT LOOP COUNTER
O4F7 86 GLO 6 .. RETR I EVE LOOP COUNTER
O4F8 3AE9 BNZ E9 .. THRU LOOP AGAIN IF  LOOP COUNTER NOT ZERO
OkFA 95 GHI 5 .. RETRIEVE ACCUM PROD
O4FB 53 STR 3 .. ACCUM PROD BECOMES UPPER BYTE RESULT
OkFc 3OE1 BR El .. BRANCH SO PROGRAM COUNTER LEFT AT BEGINNING
O4FE 00 IDL •. USED BY MONITOR04FF 00 IDL .. USED BY MONIT OR

I

r

I—
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