
Systems approach to flight controls 
Systems analysis coupling theory, simulator work, and flight testing 
defines the performance guiding electronic control development 

By Will L. Holladay and Dale P .  Hofman 

NORTH AMERICAN AVIATION, INC., LOS ANGELES, CALIF. 

W E have seen successive generations of manned 
vehicles expand the flight envelope, as depicted 

here, bringing wave after wave of new character- 
istics and problem areas. The demands of high- 
performance flight necessarily toughened and uni- 
fied the designer’s approach to problems, and gave 
rise to a highly conscious attack on the system, 
eventually in the form of a mathematical model 
describing its properties with great exactness. Pro- 
ducing this model often became the major work of 
a development program. 

Recently, work on flight controls has led the devel- 
opment of the systems approach. Reasonable corre- 
lation between the pilot and an analytical represen- 
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tation has been obtained for specific conditions. 
This analytical representation has enabled the sys- 
tems engineer to analyze handling qualities utilizing 
stability characteristics of automatic controls. Wit11 
certain performance criteria available, control func- 
tions can .then be integrated into the basic system, 
the particular configuration of any given system 
being the result of a process of both analysis and 
synthesis. At  this stage decisions can be  made as to 
the type of controller required-open loop, closed 
loop, fixed gain, adaptive, etc.-and as to advantages 
and disadvantages of mechanical, electrical, and hy- 
draulic hardware. Since flight-control systems in- 
cluded multiple control loops and high gains, the 
ease with which these can be accomplished elec- 
tronically has become significant. 

At the time of X-15 basic design, there were two 
new areas in flight-control study: control outside 
the sensible atmosphere and dynamics of high-angle- 
of-attack flight at high velocities. For the first, an 
entirely separate control system had to be designed 
which made use of low-thrust reaction motors. For 
the second, problems attendant with large aerody- 
namic coupling effects, pilot capability under high 
acceleration stresses, and high-control sensitivities 
had to be explored. The integration of suitable 
flight controls &to the X-15 was then a task of using 
analytical methods of flight dynamics as well as such 
useful aids as analog computing equipment and 
flight-control simulators to formulate a system pro- 
viding satisfactory control characteristics throughout 
the flight envelope. 

The X-15 manual reaction control system was de- 
signed for operation as an attitude command and 
rate-damping space control with the pilot-display 
combination being used to close the control loop. It 
consisted of 12 hydrogen-peroxide reaction motors, 
grouped in pairs at strategic places on the vehicle. 
The pilot controls the thrust of these motors with a 
three-axis stick on the left side in the cockpit. The 
control stick mechanically links to the propellant 
metering valves, and stick motion in each of the 
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Operating characteristics of the four flight-control systems diagrammed below received realistic analysis in this simu- 
lator, which features complete solution for the X-15 flight envelope by means of analog computing equipment. 

three independent axes produces an angular acceler- 
ation about the appropriate axis. 

It was found on the X-15 that, although this man- 
ual system was completely satisfactory once a pilot 
familiarized himself with it, improved operation 
could be achieved by closing the loop through a 
rate-sensing gyro in each axis, thereby providing 
automatic rate damping. With such a system the 
pilot's workload decreased, and more precise atti- 
tude control was possible, with a resultant increased 
usefulness in the high-altitude research capabilities 
of the vehicle. 

Automatic Rate Damping Limited 

However, implementation of an automatic rate- 
damping system (designated RAS for Reaction Con- 
trol Augmentation System) was restricted somewhat 
by the following constraints: 

1. Operation of the basic manual Rate Command 
System (RCS) was not to be changed materially. 

2. The hardware of the RAS should be easily 
integrated into the existing RCS. 

3. Due to the fixed amount of propellant available 
for the reaction-control mode, that used by RAS 
should be a minimum. (CONTINUED ON PAGE 74) 

Tandem System 
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Flight Controls 

(CONTINUED FROM PAGE 37) 

With these constraints in mind, four 
possible designs were proposed for 
investigation. 

The first was a limited RCS in which 
damping and pilot inputs to the reac- 
tion-motor control valves are mechani- 
cally summed on a walking beam, as 
indicated in the top diagram on page 
37. The rate-command function was 
limited due to the desirability of 
manual-override capability, which was 
accomplished by limiting the authority 
of the linear servo. In this system the 
pilot input is a linear function of the 
angular rate of the vehicle, within the 
limits of the servo. That this is so can 
be seen by noting that the mechanical 
displacement of the control valve is a 
function of the control-stick input, 
which is a constant for a given posi- 
tion, and the damping input, which is 
a constant for a given angular rate. 
When the two positions cancel, the 
valve shuts off and a constant rate is 
achieved. If either the stick position 
or the rate signal change, the valve is 
again opened until its position is again 
nulled. For pilot inputs greater than 
the servo authority, an angular accel- 
eration is commanded as in the normal 
manual system. 

A second system, labeled “Tandem” 
in the diagram on page 37, also used 
a mechanical summation technique. 
The servo in this configuration is an 
on-off device and acts only in the ab- 
sence of pilot inputs. The characteris- 
tics of the damping loop are set by the 
threshold and authority of the servo, 
which in turn are dictated by controll- 
ability and propellant-consumption 
considerations. The damping loop is 
disengaged during pilot command so 
that propellant is conserved by avoid- 

ing opposing thrusts of the damper 
trying to cancel pilot input. 

The duality of the manual system 
suggests a third design in which a 
“single motor system” is used for 
manual control and the other for 
damping, as indicated in the diagram 
on page 37. This system is predicated 
on the fact that shtisfactory pilot con- 
trol can be achieved by single-system 
operation. This configuration also in- 
corporates the damping-disengage fea- 
ture for propellant conservation. 

Finally, the solenoid bypass system 
diagrammed on page 37 has a separate 
on-off solenoid valve which bypasses 
the manual-control valve on one of the 
reaction motors. The damping inputs 
are then developed from an on-off con- 
dition of one of the dual motors. 
Damper disengagement by pilot com- 
mand is also a feature of this configu- 
ration. 

A flight-control simulator was used 
to evaluate the characteristics of these 
various designs. The simulator, shown 
on page 37, featured complete, 6-deg- 
freedom analog-computed problem 
solution for the entire flight envelope 
of the X-15. Of particular interest in 
this evaluation were the high-altitude 
and re-entry portions of the envelope, 
which allowed evaluation of system 
operation during near-zero dynamic 
pressure and also during the atmos- 
pheric re-entry transition. Using ana- 
log computing equipment to represent 
the various proposed configurations, 
each was optimized as well as possible 
and these four optimum systems were 
tested for operating characteristics. 

The solenoid bypass configuration 
proved the most satisfactory for rate 
damping augmentation in the RCS. 
The RCS, although providing desir- 
able handling characteristics from the 
pilot-control standpoint, operated very 
similar to the on-off systems due to the 

AUGMENTED REACTION CONTROL SYSTEM 
“” 
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presence of nonlinear elements in the 
form of the manual-control valve, Its 
slightly superior control characteristics 
did not justify the added system com- 
plexity of the RCS. Single motor sys- 
tem operation resulted in an undesir- 
able limitation of pilot control during 
re-entry and was therefore unaccept- 
able. The tandem was comparable to 
the solenoid bypass configuration in 
operation, the principal differences be- 
ing the hardware involved. The i b -  
plementation of the bypass system in 
which the existing mechanical system 
would be essentially unchanged was 
felt to offer the most satisfactory choice 
of the two. A block diagram of the 
final solenoid bypass system appears 
on this page. The automatic cutoff 
function is to disengage the system 
after sufficient effectiveness of the 
aerodynamic controls is present. 

Rate Damping Integrated 

The design of an automatic rate- 
damping system for use with the man- 
ual reaction-control system yielded an 
over-all system which was. readily in- 
tegrated into the existing control sys- 
tem and provided increased capability 
of the air vehicle in the research field 
due to easier and more precise control 
by the pilot. The system exhibited 
superior operating characteristics in all 
regions of its intended use and satis- 
factorily fell within the constraints im- 
posed upon its design. 

The X-15 high-altitude flights re- 
quired some very high angles of exit 
from the sensible atmosphere and 
therefore very steep re-entry angles. 
The requirements determined by the 
integrity of the structure limit the 
amount of norma1 load factor, the 
maximum temperature, and the maxi- 
mum dynamic impact pressure to 
which the vehicle can be safely sub- 
jected. These requirements then de- 
termine the flight profile which must 
be met to accomplish the flight success- 
fully. The flight profile requires a 
program of angle of attack directly re- 
lated to the normal load factor. For 
high-altitude missions, load factor on 
the air vehicle must be maintained at 
a relatively high value so that the ve- 
hicle will hot enter too deeply into the 
atmosphere during re-entry. The high 
load factor requires large angles of 
attack which, ,,on the X-15, led to a 
handling-qualities problem. Since the 
X-15 must fly into these areas, it was 
necessary to define the problems, their 
causes, and provide for solutions under 
all conditions. 

The first step in the definition of the 
problem was description of the vehicle. 
Experience has shown that for pertur- 
bation studies of handling qualities the 
longitudinal and lateral-directional 
modes of the vehicle can be studied 
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ieparately and, in addition, velocity 
:an be looked upon as a constant, 
;uch that a series of individual stud- 
es can be made at various velocities. 
The sum total of these studies defines 
:he handling qualities. The equations 
3f motion of aircraft dynamics are well 
defined; and to provide ease of analy- 
sis, linear simplified lateral-directional 
equations are used. 

The following equations are deemed 
satisfactory for an example of the defi- 
nition of the lateral-directional dynam- 
ics of the vehicle and enable these 
characteristics to be easily included 
in an analytical study of the vehicle. 

b = L,p + LOP + L6,6". 

b =  - 1' + Y&' + a r p  

In Laplace notation with the forcing 
function on the right: 

LOP + (t, - S ) p  = -1,6.6a 

i. = LV,V + Np#? 

NpP f (!\'r - S)V = 0 

( Y p  - S)@ + otrp - v = 0 

SYMBOLS 
Aa Aileron deflection 
p Roll rate 
r Yaw rate 
p Angle of side slip 
+ Rank angle 
mr Trim angle of attack 
N Yaw angular acceleration 

L Roll acceleration 
I' Side acceleration/velocity 

These equations represent two mu- 
tually perpendicular aircraft axes con- 
sidered in the lateral-directional aero- 
dynamics, the first being the lateral 
axis, or the roll about the center line, 
and the second being the directional 
mode, or its translation and rotation 
in a sideways manner. To investigate 
the interaction of one axis upon the 
other, one alone is first considered. 
The directional mode is made up of 
the last two equations, which can be 
put in the block-diagram form shown 
here. 

The resultant dynamics of the direc- 
tional mode are 

S2 - (Yp + N r ) S  + Y p N r  + NO 

with the natural frequency defined :IS 

wq = d Y @ N r  + NO, 

and damping ratio as follows: 

YS + N r  

+'ON. + AT8 
___ 
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This is shown on a root locus plot 
here as a combination of the two lag 
terms of 1/Nr and 1/Ya with the 
stiffness term of N p  giving rise to the 
two complex poles. 

With the inclusion of roll coupling, 
these roots are modified according to 
the terms a A p  and Lp through the 
lag of the rolling time constant l/L!>. 
This is shown below in block-diagram 
form giving the complete lateral-direc- 
tional dynamics. 

With aTp being normally positive we obtained the root loci of t L p  with 
for positive load factor, the sign of closed-loop operation as shown below. 
roll-yaw coupling is Jetermined by 
Lp, which is a strong function of an- +/sa  = Ls. [SZ + ( - N r  - Ya)S + Nal 
gle of attack. The locus of roots SISI + ( - Y o  - N ,  - L,)s2 + 
with the roll coupling added show the (A'S - a r L , ~  + YpLp + N L p )  - 
decrease in static directional stability LpA'a + LaNr~u, - Ys.V,L,] 

with afLp and increase with " L p ,  
as follows: 

To determine lateral-control capabil- 
ity, the transfer function for roll angle 
to aileron input from the aforemen- 
tioned equations is obtained; and with 
this as the major part of the character- 
istic equation for the pilot-airframe 
combination and using a 0.5-sec lead 
for the pilot (which research deter- 
mined as a reasonable approximation) 

As indicated, + L p  leads to a dy. 
namically unstable control and -L 1 
gives improved dynamic stability. 
The X-15 at high speed and high 
angle of attack has fLp and without 
augmentation the pilot-airframe com- 
bination is unstable. This instability 
was first demonstrated on the X-15 
flight simulator and was subsequently 
verified in actual flight. 

As previously seen, the handling- 
qualities problem stems from combina- 

WOULD 
YOU 
LIKE 
ro 

THIlvK 
LOGARITHMICALLY? 

gists. But we can make your oscillograph 
This we can't arrange-we aren't psycholo- 

record logarithmically-which is even bet- 
ter. If you have data which rangesfrom 

BIG 
TO 

SMALL 

dl at once, you really should record on a bgarith- 
nicscaleat high speed. You provide therecorder, 
18 provide the instantaneous logarithmic law. 

Our Logger logarithmic converters have been 
used for years in the acoustical field and now they 
r e  beginning to be useful to aerospace. 

We ofler: 
1. Instantaneous logarithmic conversion. 
2. Wide frequency range: up to 100 kc if de- 

desired. 
8. High accuracy: to f i  db depending on 

amplitude and Irequemy requirements. 
4. Wide amplitude range: 50 and 60 db ranges 

standard, 80 db under extreme provoca- 
tion. 

~~~~ ~~ 

THE LIBRARY 
OF CONGRESS 

Needs Science Specialists 
Washington 25, D. C. 

Positions are available for Re- 
search Specialists, grade GS-11, 
$7560, grade GS-12, $8955, and 
Senior Research Specialists, 
grade GS-13, $10,635 per year, 
in the following fields: Physics, 
geophysics, aerodynamics, ther- 
modynamics, and aircraft design. 
Knowledge of Russian is desired. 
Grade commensurate with qcal- 
ifications. Moving expenses will 
be paid and on site personal inter- 
views will be arranged. Inter- 
ested persons please send Stand- 
ard Form 57 (Application for 
Federal Employment) to the 
Personnel Office, Library of Con- 
gress, Washington 25, D. C. 

70 Astronautics / May 1962 



I Precision gauges from !4 to  .002, 
Close tolerances in. round, flat or 
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plated or solder coated. 

LITTLE FALLS ALLOYS. INC. 
180 CALDWELL AVENUE 
PATERSON 1, NEW JERSEY 

tion of poorly damped directional 
mode with adverse side-slip coupling 
of relatively large magnitude. The 
approach to the solution of the prob- 
lem could be either improving the di- 
rectional damping of the vehicle or 
minimizing the roll due to yaw. Im- 
proving the directional damping would 
effectively be increasing N,.. This can 
be done effectively with a yaw damper 
utilizing yaw rate as an input to the 
vertical. To minimize the roll due 
to yaw, a roll rate feedback can be 
used which effectively increases L,. 
Therefore, for a given roll acceleration 
due to side slip, the resultant roll rate 
will be significantly reduced due to the 
operation of the roll augmentation 
which operates through the roll-con- 
trol surface. 

Through this system approach, it 
has been possible to make the task of 
integrating subsystems into an over- 
all design easier and to produce an 
optimum configuration in a minimum 
time. + +  

Segmented 
Fiberglass-Case Solid 
Motor Fired by UTC 

A 12,000-lb-thrust solid-propellant 
motor composed of three fiberglass- 
case segments joined by a flightweight 
mechanical joint fires at United Tech- 
nology Corporation’s Development 
Center near Morgan Hill, Calif. The 
company believes this to be the first 
firing of a segmented solid motor with 
such a case and a breakthrough in 
joint development for fiberglass cases. 
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