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Summary 

As part of the NASA General Aviation Stall/Spin 
Program, a simulation study was conducted to inves- 
tigate the piloting problems associated with failure of 
an engine on a generic light twin-engine airplane. A 
primary piloting problem for a light twin-engine air- 
plane after an engine failure is maintaining precise 
control of the airplane in the presence of large steady 
control forces. To address this problem, a simulated 
automatic trim system which drives the trim tabs as 
an open-loop function of propeller slipstream mea- 
surements was developed. The simulated automatic 
trim system was found to  greatly increase the control- 
lability in asymmetric powered flight without having 
to resort to  complex control laws or an irreversible 
control system. However, the trim-tab control rates 
needed to  produce the dramatic increase in control- 
lability may require special design consideration for 
automatic trim system failures. Limited measure- 
ments obtained in full-scale flight tests confirmed the 
fundamental validity of the proposed control law. 

Symbols 
The axis system X , Y , Z  used in this study is a 

body-fixed system as shown in figure 1. 

ch generic hinge-moment coeffi- 
cient, Hing_e rnyment 
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moment coefficient due to  
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Introduction 

One of the most serious failures which can occur 
on any airplane is the failure of an engine. For light 
single-engine airplanes such a failure is especially se- 
rious because the airplane must immediately descend 
regardless of the existence of a suitable landing area 
within gliding distance. The failure of one engine on 
a twin-engine airplane is, in theory, far less serious 
because it is usually assumed that the operative en- 
gine will make it easy to  reach a suitable airport and 
make a safe landing. Unfortunately, this assumption 
is not always justified for light twin-engine airplanes 
(referred to as light twins in this paper). Recent ac- 
cident statistics (ref. 1) show that the fatality rate 
from engine failures for light twins is twice that for 
light single-engine airplanes. 

A series of wind-tunnel studies of light twins was 
conducted in the late 1960s and early 1970s. (See 
refs. 2 through 5.) Although these studies provided 
an extensive aerodynamic data base, no attempt was 
made to evaluate the unique piloting problems of 
the light twin or to explore the use of automatic 
control system concepts to  lighten the pilot workload 
and enhance safety. The objectives of the' subject 
simulation study were to develop an automatic trim 
system concept and to evaluate its effectiveness in 
reducing the pilot workload following failure of an 
engine. To support the simulation results, a brief full- 
scale flight test program was also conducted to obtain 
data to  demonstrate the feasibility of the proposed 
control law for the automatic trim system. 

chord of control surface ( i  = 
elevator, aileron, or rudder), ft 

Fe, Fa, Fr control forces for elevator, 
aileron, and rudder pilot 
controls, lbf 

A 

F residual engine-inoperative 
control force with automatic 
trim system on, percent of 
unaugmented force 

A F i  change in control force due to 
automatic trim system ( i  = 
elevator, aileron, or rudder), 
lbf 

f 7  f' function relationships (see 
eq. (1)) 

G gearing ratio in control system, 
surface ,travel divided by pilot 
control travel, rad/ft 

h altitude, f t  

h rate of climb, fpm 

forward gain of automatic trim 
system, deg 

automatic trim system, deg 

K f  

Kf,o nominal forward gain of 

Kr 

9d 

9; 
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gain of electric trim motor in 
automatic trim system, l/sec 

differential slipstream dynamic 
pressure, Qr - q1,  lbf/ft2 

differential slipstream dynamic 
pressure after deadband (see 
fig. l l),  lbf/ft2 

dynamic pressure in left 
slipstream, lbf/ft2 
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dynamic pressure in left slip- 
stream measured in symmetric 
powered flight: lbf/ft2 

dynamic pressure in right 
slipstream, lbf/ft2 

dynamic pressure in free 
stream, lbf/ft2 

limited dynamic pressure in 
free stream, lbf/ft2 

wing area, ft2 

area of control surface (i = 
elevator, aileron, or rudder), 
ft2 

Laplace operator, rad/sec 

thrust of left engine, lbf 

thrust of right engine, lbf 

thrust coefficient, Tot a1 soos thrust 

differential thrust coefficient, w 
response time of automatic 
trim system, sec 

true airspeed, knots 

minimum engine-inoperative 
control speed (propeller 
windmilling) , knots 

minimum engine-inoperative 
trim speed (propeller feath- 
ered) , knots 

stall speed with one engine 
inoperative, knots 

airspeed for best rate of climb 
with engine inoperative, knots 

weight of airplane, lbf 

side force of fuselage due to  
sideslip, lbf 

side force of vertical tail due to  
sideslip, lbf 

side force due to rudder 
deflection, lbf 

angle of attack, deg 

angle of sideslip, deg 

6 

6.c 1 6a br 

6e,tab, 6a,tabr &,tab 

stab 

(&ab) pilot 

11, 

generic primary control surface 
position, deg 

elevator, aileron, and rudder 
control positions, deg 

elevator, aileron, and rudder 
trim-tab positions, deg 

generic trim-tab position, deg 

component of trim-tab deflec- 
tion commanded manually 
by pilot through cockpit trim 
wheel, deg 

component of trim-tab deflec- 
tion commanded by automatic 
trim system, deg 

trimmed roll angle commanded 
by automatic trim system, deg 

yaw, pitch, and roll Euler 
attitude angles, deg 

heading rate, deg/sec 

Description of Simulation 
The Langley General Aviation Simulator was 

used in this study. The individual elements of the 
simulation system are shown in figure 2 and are de- 
scribed in the following discussion. 

Hardware 

The simuiation cockpit consisted of a portion of 
the fuselage of an actual light twin. The cockpit 
was mounted on a three-degree-of-freedom (DOF) 
motion system which provided pitch, roll, and heave 
motion. (See fig. 3.) The motion base is described in 
detail in reference 6. The instrument panel contained 
instruments typical of those on current light twins 
and included displays of attitude, airspeed, altitude, 
rate of climb, heading, and a turn and slip indicator. 
(See fig. 4.) The simulator also had hydraulic control 
loaders for the elevator,. aileron, and rudder cockpit 
controls. The force on each control was programmed 
on the computer as a function of the cockpit trim 
wheel positions and the airplane flight condition. 
There were also cockpit controls for the flaps, landing 
gear, and cowl flaps. A system of nine speakers 
around the interior of the cockpit provided simulated 
wind noise proportional to airspeed and an engine 
noise proportional to engine thrust. Attached below 
the knob on each propeller pitch control lever was 
a small cueing light which was activated whenever 
there was a significant difference in thrust on the 



two engines. The light on the propeller lever located 
on the side with the smaller thrust was activated to 
indicate the propeller which should be feathered. 

A closed-circuit color television system provided a 
48' by 26' visual scene of a terrain board which was 
displayed through a virtual image system forward of 
the front window. In addition, a series of computer- 
drawn clouds was superimposed above the terrain 
scene for better visual attitude reference during the 
climb after takeoff. 

Aerodynamic Math Model 

The overall objective in developing the simulation 
math niodel was to provide a generic model which 
was representative of current light twin-engine air- 
planes without attempting to simulate any specific 
configuration. As a result, information was drawn 
from several different sources to assemble the final 
model used in the study. 

The major physical characteristics of the simu- 
lated airplane were as follows: 

Weight, lbf . . . . . . . . . . . . . . 6200 
Wing area, ft2 . . . . . . . . . . . . . . 196 
Wing span, ft . . . . . . . . . . . . . . 40 
Wing chord, ft . . . . . . . . . . . . . . 5.2 
Engine power (total), hp . . . . . . . . . 660 
Roll inertia, slug-ft2 . . . . . . . . . 11 000 
Pitch inertia, slug-ft2 . . . . . . . . . . 5000 
Yaw inertia, slug-ft2 . . . . . . . . . 15000 

The aerodynamic math model was described in 
reference 7 and was originally developed from and 
followed the basic format of the simulation described 
in reference 8. As such it was made only as com- 
plex as was necessary to provide the fundamental 
characteristics of a light twin. In this formulation, 
most of the aerodynamic characteristics were nonlin- 
ear functions of angle of attack and thrust coefficient. 
However, a t  a given angle of attack and thrust coef- 
ficient, the variation of the aerodynamic forces and 
nioments was assumed to be linear with control de- 
flection and sideslip angle. For the sideslip charac- 
teristics, this formulation involved an extrapolation. 
That is, the simulated sideslip characteristics were 
assumed to  be linear for all values of sideslip, whereas 
the data were measured in the tunnel for only f 8 O  
of sideslip. Thus, nonlinear sideslip phenomena such 
as vertical tail stall were not modeled. Vertical tail 
stall can be an important limiting factor for asym- 
metric thrust conditions as described in reference 9. 
The simulated engines were turbocharged SO that the 
developed horsepower was independent of altitude. 

The two main modifications to the simulation 
math model described in reference 8 were extension 

of the angle-of-attack range from 16' to  24' and ad- 
dition of asymmetric power effects. These modifi- 
cations were based primarily on the full-scale wind- 
tunnel tests reported in reference 2. The asymmetric 
power wind-tunnel data were measured at  thrust co- 
efficients corresponding to  climb power or less (Ti = 
0.28 and Ti = 0.14). At shll airspeeds wit,h full  
power, however, the thrust coefficients can be sub- 
stantially higher than 0.28. The data, therefore, had 
to  be linearly extrapolated to  the higher thrust co- 
efficients needed for the simulation. A second area 
of extrapolation was necessary when extending the 
angle-of-attack range. The control derivatives had 
to  be estimated for angles of attack from 16' to  24'. 
The remainder of the aerodynamic characteristics at 
angles of attack from 16' to 24' were presented in 
reference 2. 

Engine failures were modeled as a simple first- 
order decay of thrust with a 0.67-sec time constant. 
The single-engine rolling and yawing moments at a 
given angle of attack were made two-segment linear 
functions of the differential thrust coefficient TA. 
The effects of feathering a propeller were simulated 
by a change in yawing moment and drag based 
on the wind-tunnel data for another twin-engine 
configuration reported in reference 10. 

The control forces were calculated by using the 
hinge moments measured in the wind-tunnel tests of 
reference 2. The measurements were made for differ- 
ent angles of attack, sideslip, and control deflections 
with zero trim-tab deflection. The trim-tab hinge- 
moment coefficients, therefore, had to  be estimated 
by assuming a given level of trim authority with an 
engine inoperative as discussed later. The effects of 
the trim tabs on the total' aerodynamic forces and 
moments on the airplane were arbitrarily set equal 
to  zero. 

The simulation math model was implemented on 
an all-digital computer system which operated in real 
time at a rate of 32 frames/sec. 

Simulator Validation 
The simulation was validated by using the qual- 

itative evaluations of four research pilots although 
only three of these pilots participated in the research 
program. These pilots evaluated the performance 
characteristics, the static and dynamic control re- 
sponses, and the trim changes due to  configuration 
changes. During the course of this validation pro- 
cedure, the primary research pilot made qualitative 
flight tests of two different light twins to  compare 
specific responses with those of the simulated air- 
plane. Both symmetric and asymmetric power con- 
ditions were evaluated. Several modifications to both 
the static and dynamic aerodynamic characteristics 
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of the preliminary siniulation model were made based 
on the evaluations of the primary pilot. The major 
modifications were to the engine math model and the 
control forces. Other modifications were made to  the 
dihedral effect and the yaw damping. The net effect 
of these changes is reflected in the static and dynamic 
characteristics, which are presented later. 

Automatic Trim System 
The automatic trim system was developed by 

using the simulator. The concept which evolved is 
described in the following sections. The system is 
automatic in the sense that it changes the trim-tab 
positions without pilot input. However, it does not 
provide an exactly trimmed airplane because it has 
no feedback of the airplane state. To provide an 
exact, hands-free trim, the pilot must make small 
manual trim adjustments. 

Hardware 

A pictorial representation of the siiriulated auto- 
matic trim system is shown in figure 5. The main 
components of the automatic trim system were the 
slipstreani dynamic-pressure sensors, a computer, a 
trim-tab rriotor, and a mechanical summer. Alter- 
nate configurations might have separate trim tabs 
for the automatic trim system or hydraulic actua- 
tors on the primary control surfaces. The results of 
the present study would be equally applicable to  any 
of these automatic trim systems. In an operational 
automatic trim system there would also be cockpit 
controls and safety devices to  detect and correct for 
a irialfurictiori. For ease of illustration, figure 5 shows 
a trim motor for only the rudder, but the concept re- 
quires siniilar motors for the aileron and elevator. 

Control Law 

The generalized control law for the automatic 
trim system is given by 

A different application of this control law was 
used to drive each of the rudder, aileron, and el- 
evator trim tabs. The function f’( ) is dependent 
on the combined thrust characteristics, the airplane 
stability and control characteristics, and the hinge- 
moment characteristics. In practice, the relation- 
ship would probably be determined most easily by 
establishing actual dynamic pressures and trim-tab 
deflections in stabilized, zero-control-force, engine- 
inoperative flight. 
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The control law is open loop in that there is no 
measurement of the trim-tab position, control force, 
or airplane state which is used to  modify the com- 
manded trim-tab position. The pilot must provide all 
stabilization of the airplane. However, as the airplane 
changes airspeed or the thrust developed by one en- 
gine changes, the commanded trim-tab position will 
change to  account for the new conditions. For ex- 
ample, if an engine failed at a cruise flight condition, 
qoo would be relatively large and would be 
relatively small. The asymmetries a t  a cruise flight 
condition are also relatively small so that the small 
(6ttab)sys commanded by the automatic trim system 
would be sufficient. As the airplane slowed down to 
land, ijoo would become smaller and (6tpt,)sys would 
become larger to counteract the increasing asymme- 
tries a t  the lower airspeeds. 

Inasmuch as the trim-tab hinge-moment coeffi- 
cient was a constant in this simulation, the change 
in the trim-tab position was equivalent to a change 
in the hinge-moment coefficient of the primary con- 
trol surface 

or a change in the control force 

(3) 
where i = elevator, aileron, or rudder. 

Any device (for example, a hydraulic actuator) 
w-hich produces a change in the control force as given 
by equation (3) would produce results identical to 
those for the present automatic trim-tab system. 
Thus, as stated earlier the results presented herein 
could apply to  a variety of hardware implementations 
of this concept and are not limited to an automatic 
trim system which drives the trim tabs. 

Flight Test Validation of Control Law 

The primary objective of the flight tests was to  
obtain data to demonstrate the feasibility of the pro- 
posed control law for the automatic trim system. The 
second objective was to assess the measurement er- 
rors by using a single slipstream sensor a t  a fixed 
location in the slipstream. Such measurement er- 
rors would manifest themselves to a pilot using the 
automatic trim system as residual control forces as 
discussed in depth in the section “Residual force vari- 
ations.” If the residual forces due to  these errors get 
too large, the improvement in the handling qualities 
due to  the automatic trim system will be lessened. 



Differential thrust coefficient is really a function 
of the average total pressure over the entire cross sec- 
tion of the slipstream (ref. 11) and not the dynamic 
pressure at a single point. In the present automatic 
trim system, the difference between total pressure 
and dynamic pressure is assumed to  be absorbed in 
the functional relationship given in equation (1) inas- 
much as the dynamic-pressure sensor is assumed to  
be at a fixed location in the slipstream. In a prac- 
tical automatic trim system, a total-pressure sensor 
(or multiple total-pressure sensors) may have to be 
used as discussed in reference 12. 

The light twin used to conduct the exploratory 
flight test experiments is shown in figure 6. The 
airplane had a maximum takeoff weight of about 
4800 lbf, two 240-hp normally aspirated engines, and 
two constant-speed, full-feathering propellers rotat- 
ing in the clockwise direction as viewed from the rear 
of the airplane. 

A miniature anemometer, described in refer- 
ence 13, was mounted on the inboard side of the left 
engine cowling as shown in figure 7. No attempt 
was made to  determine the optimum location of the 
anemometer from a slipstream measurement stand- 
point. Instead the location was picked primarily for 
ease of installation. The centerline of the anemome- 
ter was aligned with the thrust axis 6 in. from the side 
of the cowling at a 0.60-propeller-radii location with 
respect to the thrust axis. The longitudinal posi- 
tion of the anemometer was approximately 0.70 pro- 
peller radii behind the propeller disk. The anemome- 
ter produced a variable frequency electrical output 
which was calibrated in terms of true airspeed and 
measured by a time-averaging frequency counter over 
a 10-sec period. 

The control surface deflections were inferred from 
the position of the cockpit controls. That is, the 
trim-tab position was assumed to be a linear function 
of the rudder trim-wheel position, and the rudder 
position was likewise inferred from the position of 
the rudder pedals. The airplane airspeed system was 
used to determine the free-stream dynamic pressure. 

The tests were conducted at a slow airspeed (90 
knots) in order to  accentuate the engine-inoperative 
asymmetries. The smaller asymmetries at higher air- 
speeds (over 120 knots) were often masked by the 
scatter in the data. The flight test measurements 
had to  be made in two steps because there was an 
anemometer on only the left engine. The first step 
involved symmetric power measurements of the (left) 
propeller slipstream velocities for various power lev- 
els (combinations of manifold pressure and propeller 
speed). The second step was to  set up the same flight 
and power condition on the right engine but with the 
left engine either windmilling (minimum throttle and 

maximum prop control positions) or turned off and 
propeller feathered. Under these conditions, the air- 
plane was banked 5' into the operative (right) engine 
and the rudder trim wheel was then turned (rudder 
pedals floating free) until the heading rate was forced 
to  zero. Trim-wheel position, rudder pedal position, 
and (left) slipstream velocity were then recorded in 
the stabilized flight condition. 

The basic assumption used in the reduction of the 
flight test data was that the dynamic pressure in the 
right slipstream Qr during the asymmetric power runs 
was the same as that measured in the left slipstream 
gllsym in the earlier symmetric power runs at the 
same condition. In other words, 

With this relationship, it was, therefore, possible to 
construct a series of data points of trim-tab position 
versus differential slipstream dynamic pressure for 
the asymmetric power runs. 

The test procedure for assessing the propeller 
slipstream measurement errors was to  adjust the 
manifold pressure as the propeller speed was varied 
so that the rate of climb was always zero at a constant 
airspeed. This procedure assured that the net thrust 
was always constant regardless of the propeller speed 
(blade angle) and the radial disk loading. If the 
slipstream measurements were a perfect indication 
of thrust, the slipstream velocity would not change. 
Any actual change is a measurement error as far as 
the automatic trim system is concerned. 

The results of the engine-inoperative flight tests 
designed to verify the validky of the control law used 
in the simulation tests are presented in subsequent 
paragraphs. The change in trimmed rudder posi- 
tion as a function of the differential thrust parameter 
(Qr - Qi)/qoo is shown in figure 8. The rudder posi- 
tion was reversed (Le., to the left although a failed 
left engine usually requires a right rudder position) 
for all the tested conditions except when the differ- 
ential thrust parameter was greater than 0.6. This 
reversed control was a result of two factors: (1) the 
right (operative) engine could not develop full power 
at the test altitude and (2) the airplane was banked 
5 O ,  which produced a sideslip which helped counter 
the yaw asymmetry. For three of the data points, 
the differential thrust coefficient was actually nega- 
tive; this indicated more thrust for the left (failed) 
engine than for the right (operative) engine. Two of 
the points are expected because they are for an essen- 
tially windmilling right (operative) engine which was 
removing more energy from the airstream than the 
left (failed) engine which had a feathered propeller. 
The third point must be due to scatter in the data 
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possibly due to lack of repeatibility in setting power 
levels. However, there appears to be a nearly linear 
relationship between the change in trimmed rudder 
position and the differential thrust parameter regard- 
less of whether the propeller on the failed engine was 
windmilling or feathered. Thus, the data indicate 
that the proposed control law (eq. (1)) is viable be- 
cause the change in the trimmed rudder position is 
related to a change in hinge-moment coefficient as 
discussed earlier. 

The corresponding trim-tab data are presented in 
figure 9. The trim-tab deflections are again reversed 
because of the low power on the operative engine and 
the 5’ bank, but this time the mechanical stop (in 
the reversed direction) was reached a t  a differential 
thrust parameter of about zero. Beyond this point 
the pilot had to apply a slightly reversed pedal force 
to  stop the heading rate. The correlation between the 
rudder trim tab and the differential thrust parameter 
was not as good as that for the rudder itself probably 
because of friction in the control system. However, 
the data still suggest that the proposed control law 
is viable. 

The variation of the measured propeller slip- 
stream velocity with propeller speed at  constant 
thrust is shown in figure 10. The slipstream velocity 
increased as the propeller speed increased; this indi- 
cates that the propeller loading was shifting from the 
propeller tips inward. The variation was only f 5  per- 
cent, which would translate into a variation of about 
f 1 0  percent in the dynamic pressure. This variation 
is well within the h25-percent band about nominal 
in which the handling qualities were found to  be sub- 
stantially improved, as will be discussed later in the 
section “Piloted Simulation Maneuvers.” 

Simulation Representation of Automatic Trim 
System 
The block diagram for the simulated automatic 

trim system is shown in figure 11. The first step 
in the simulation was to  calculate the theoretical 
propeller slipstream dynamic pressures. Propeller 
momentum theory was used to relate the propeller 
thrust and the free-stream dynamic pressure to the 
slipstream dynamic pressure. The calculated pro- 
peller slipstream dynamic pressures were used to  
activate the cueing lights on the cockpit propeller 
pitch controls and also to calculate the differential 
thrust coefficient TA. The differential thrust coeffi- 
cient could have been calculated more directly from 
the right and left propeller thrusts without the inter- 
mediate step involving the slipstream dynamic pres- 
sures. However, in order to get the signals for the 
propeller cueing lights, the present approach was 
taken. The slipstream dynamic pressure as calcu- 

lated in figure 11 from propeller momentum theory 
is valid only far downstream from the propeller. It is 
assumed in the simulation that the dynamic pressure 
measured by a real sensor located near the propeller 
disk would still be related to  the thrust even if it was 
not exactly the relationship shown in figure 11. 

The differential thrust coefficient TA was multi- 
plied by a simple gain K f  to  produce the desired 
change in trim-tab position. The actuator was as- 
sumed to be an electric motor which ran at  a con- 
stant speed, K7, and produced a final position output 
proportional to  the input. The output of the motor 
was assumed to be mechanically summed with the 
pilot’s trim-tab input t o  produce the total trim-tab 
position. 

The effect of the trim-tab position was modeled 
in the simulation as adding an increment to the total 
hinge-moment coefficient as shown earlier in equa- 
tion (2). If the pilot-applied control force is zero 
or constant, the change in the trim-tab position re- 
sults in a change in position of the primary control 
surface. The position of the primary control surface 
is then proportional to  the ratio of the tab and pri- 
mary surface hinge-moment coefficients, Ch /Chs. 
As long as the trim tab does not reach its mechani- 
cal travel limits, the net effect of the automatic trim 
system after the trim tab has reached its final value 
is proportional to  the product of the automatic trim 
system gain K f  and the ratio of the hinge-moment 
coefficients. 

%ab 

Automatic Trim System Specification 
The performance of the automatic trim system is 

determined by four parameters. Variations of these 
parameters about a nominal set of values were used 
to  study the effect of the automatic trim system on 
the control of the airplane and the handling qualities. 
The four parameters are (1) the residual force F, 
(2) the response time At, (3) the minimum engine- 
inoperative trim speed V,, and (4) the commanded 
trim roll attitude 4c. These parameters are described 
in the following discussion. 

The residual force F was a parameter used to 
simultaneously vary all three automatic trim system 
gains by equal percentage amounts: 

100 - F) 
K f  = K f P  ( 100 ) (5) 

The nominal simulated automatic trim system 
gains Kf ,o  for the aileron and the rudder were calcu- 
lated from the zero-control-force trim-tab positions 
and differential thrust coefficients a t  a single air- 
speed. Thus, the simulated automatic trim system 
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did not have gain scheduling as might be used on an 
optimized system on a real airplane. 

The nominal automatic trim system gain for the 
elevator automatic trim system was calculated so 
that the longitudinal wheel force at  Vy,,, was reduced 
from about 20 lbf to  about 10 lbf. That is, the 
unaugmented airplane had a large pitch-down trim 
change when the engine failed. This change was 
generally beneficial because it helped alleviate the 
natural tendency of the airspeed to  get dangerously 
low. If the gain Kf.o in the elevator system was 
set high enough to eliminate the pitch-down entirely, 
the tendency toward low airspeeds was accentuated 
which was objectionable to the pilots. Thus, the 
nominal gain was selected to  eliminate about half 
the pitch-down trim change of the unaugmented 
airplane. 

When the residual force parameter was zero, all 
the gains were equal to their nominal values as de- 
scribed previously. The name “residual force” comes 
from the fact that the gains govern the amount of 
residual force the pilot has to apply to stabilize the 
airplane. When the residual force parameter was 
100 percent, K f  = 0, the automatic trim system 
produced no change in the trim-tab positions and 
the automatic trim system was essentially not ac- 
tive. When the residual force parameter equaled its 
nominal value of 0 percent K f  = Kf ,o ,  the automatic 
trim system produced the most nearly trimmed air- 
plane. The pilot might or might not elect to  manually 
retrim the airplane to  a completely stabilized, zero- 
control-force condit,ion. The motivation for varying 
the residual force parameter was to  determine how 
sensitive the handling qualities were to  the previously 
discussed uncertainties that might be present in the 
operational measurement of the differential thrust co- 
efficient by using a single slipstream sensor. 

The response time At is simply the time it takes 
the trim tabs to  reach their steady state after an 
engine failure. Since the simulated electric trim 
motor ran at a constant speed, the response time 
was given by 

(&ab )sys 

Kr 
At = 

where (Stab)sys was defined for a full asymmetric 
power condition (propeller feathered) a t  an airspeed 
of 109 knots. The response time was varied by 
changing Kr . 

The last two parameters, V, and &, modified the 
force characteristics in only the roll and yaw axes and 
did not affect the pitch axis force characteristics. The 
minimum engine-inoperative trim speed V, is defined 
as the minimum speed at which full trim-tab deflec- 
tion is capable of trimming the control forces to  zero 

with full asymmetric power (propeller feathered) and 
the airplane banked 5 O  into the operative engine. In 
reality this parameter is used to  define the authority 
of the trim tabs (or for a powered control system, 
the torque-producing capability of the powered actu- 
ators). In this simulation study, this parameter was 
varied by adjusting the aileron and rudder t,rim-tab 
hinge-moment coefficients while holding the trim-tab 
travel fixed and was the criterion used to  estimate the 
values of the trim-tab hinge-moment coefficients. As 
the simulated trim tabs became more powerful, V, 
decreased. If V, < V, as in the nominal automatic 
trim system, then the control forces can be trimmed 
for all usable airspeeds (for a powered control system 
the actuators would have sufficient torque to  provide 
adequate control surface deflection for all usable air- 
speeds). For an automatic trim system using trim 
tabs, the minimum engine-inoperative trim speed is 
really a characteristic of the simulated airplane and 
is not a characteristic of the automatic trim system. 
However, V, still has a strong influence on the pilot’s 
impression of how well the automatic trim system is 
working when the airspeed is below V,. 

Whenever the estimated trim-tab hinge-moment 
coefficients were decreased, the simulated automatic 
trim system gains Kf ,o  were simultaneously in- 
creased so that the system would statically trim full 
asymmetric power conditions at  the lowest practical 
airspeed. That is, the product of Kf,OChGtab was 
maintained as constant as possible. 

The commanded roll attitude & is the absolute 
value of the trimmed roll attitude with the controls 
free and full asymmetric power (propeller feathered). 
It was varied by simultaneously adjusting the ratio of 
the aileron and rudder system gains to produce the 
desired attitude. 

The nominal automatic trim system had the fol- 
lowing characteristics: 

A 

F = O  
At = 2 sec 
V, < V, = 85 knots 
$c = 3 O  ( p  = 0°) 

In hindsight it became apparent that the nominal 
value for V, used in the simulation was unrealisti- 
cally low-that is, the simulated trim tabs were more 
powerful than those on current light twins. Because 
of the effectiveness of the trim tabs (especially the 
rudder trim tab), the control forces on the simu- 
lated airplane could be trimmed with full asymmet- 
ric power and with the wings level at the airspeed 
for best single-engine rate of climb, VY,,~. This ex- 
cess effectiveness allowed the nominal simulated au- 
tomatic trim system to  be designed to drive toward 
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a zero sideslip condition and maximum single-engine 
climb performance. In practice, slightly degraded 
climb rate performance would probably have to be 
accepted because most current operational trim-tab 
systems are only powerful enough to  allow the con- 
trol forces to be trimmed at a roll attitude of 5' and 
a nonzero sideslip condition. Therefore, the effect of 
more realistic, reduced trim-tab effectiveness (larger 
L$) on overall performance of the automatic trim sys- 
tem was studied. 

It should be emphasized that of the four param- 
eters discussed only V, was precisely defined in the 
simulator. The values quoted in this paper for F ,  At, 
and & are only approximate averages because of the 
variations of the aerodynamic characteristics with 
angle of attack and because of the different engine- 
inoperative characteristics, depending on which en- 
gine had failed. 

Ground-Based Simulation Tests 
The ground-based simulation tests can be divided 

into two parts. The first part, which did not involve 
a pilot, was intended to document the static and dy- 
namic characteristics of the simulated airplane. The 
second part involved the pilots' flying the simulator 
and their evaluation of the handling qualities. 

Simulated Airplane Characteristics 
In order to better understand the unique prob- 

lems of single-engine flight in a light twin, the static 
trim characteristics of the unaugmented airplane 
were documented for a variety of flight conditions. 
Next, the static control forces were documented with 
and without the automatic trim system operative. 

Some dynamic, controls-free time histories of sud- 
den changes in asymmetric power conditions were 
also obtained. These included results for a sudden 
engine failure starting from a full-power flight condi- 
tion and for a rapid power reduction on the operative 
engine starting from a stabilized engine-inoperative 
condition. The automatic trim system parameters 
for this documentation were 

F = O  
At = 2 see 
V, = 100 knots 
q!+ = 5 O  

thus, V, and qbc were not at their nominal values. 

Piloted Simulation Maneuvers 
Three NASA research pilots served as test sub- 

jects in these tests. One pilot was designated the 
primary pilot, whereas the other two were back-up 
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pilots. All three had extensive experience in both 
aircraft and simulators, and each was given a series 
of training maneuvers before evaluations of the han- 
dling qualities began. 

Two maneuvers were used in the evaluations: 
(1) a takeoff followed by a sudden engine failure a t  
an altitude of 200 feet and ( 2 )  a straight-in approach 
and landing from an initial altitude of 1100 f t  with 
one engine already failed and the propeller feathered. 
Both maneuvers were conducted under simulated 
visual flight rules (VFR) conditions and with zero 
steady winds and no random turbulence. 

The task for the takeoff maneuver was to sim- 
ply maintain control after the engine failure, feather 
the correct propeller, and establish a climb at the 
airspeed for best single-engine rate of climb. The 
research pilots, especially the primary research pi- 
lot, became very proficient at flying this task after a 
few runs. The element of surprise was absent, and 
the only decisions the pilots had to  make were which 
direction to  apply the control inputs and which pro- 
peller to  feather. Therefore, an artificial t#ime delay 
of 3 to  5 sec following an engine failure was imposed 
on the primary research pilot before he was allowed 
to take any corrective action except to hold the wings 
level. The purpose of this delay was to  simulate the 
period of confusion and indecision a real engine fail- 
ure would probably produce on an average, unsus- 
pecting pilot. The other two pilots were free to make 
all their control inputs as soon as they deemed neces- 
sary. In either situation, the emphasis of the evalua- 
tion was on the change in the pilot rating for a given 
configuration compared with the basic unaugmented 
airplane rather than or! the abso!ute pilot rating. Ta- 
ble I presents the Cooper-Harper pilot rating scale 
used for the handling qualities evaluations. 

The task for the landing maneuver was in- 
tended to simulate a misjudged, engine-inoperative 
approach. That is, the initial velocity and flight-path 
angle of the maneuver were such that if no correction 
was made, the landing would be far past the nomi- 
nal landing point. The pilot was instructed to  make 
a throttle chop on the operative engine at  an altitude 
of 800 f t  and hold his initial airspeed of 105 knots un- 
til the altitude reached 200 ft, a t  which point he was 
free to do what he judged best. At this point, the 
airplane would nominally be descending rapidly to- 
ward a touchdown substantially short of the runway 
and the pilot would have to  add power on the opera- 
tive engine to reach the runway. Thus, two large and 
abrupt power changes were introduced to  simulate a 
misjudged approach and the resulting effect on the 
control of the airplane with one engine inoperative. 

When evaluating a given configuration, each pilot 
was allowed to  make as many runs as he thought 



necessary to give an accurate pilot rating. Usually 
two or three runs were sufficient, but sometimes as 
many as five or six runs were used. Often back-to- 
back runs with the automatic trim system off or with 
the nominal automatic trim system on were used for 
comparison. 

Of the two maneuvers, the takeoff maneuver was 
judged by the pilots to  be the most critical. As a 
result, it was used in evaluat,ing the sensitivity of the 
handling qualities to  variations in the characteristics 
of the automatic trim system. The primary research 
variables were the four parameters ?, At ,  V,, and 
& described earlier. Each parameter was varied 
individually while the other three parameters were 
held fixed at  their nominal values. A table of the 
actual values of the parameters used is shown as 
follows: 

Paraiiirter 

F ,  percent . . . . 
At, sec . . . . . 
V,. knots . . . . 
r&> deg . . . . . 

Nominal 
value Research value 

0 a -50, a -25, 25, 50 
2 0.5, 8, 32 

<85 '90, '100, b110, '120 
3 a - 1 ,  5, 10 

Results and Discussion 
The results are presented in three sections. The 

first two sections present the static and dynamic 
characteristics of the simulated airplane, and the 
third section presents the piloted maneuvers and 
evaluations. 

Before the actual results are presented, it is help- 
ful to  review the basic physics of engine-inoperative 
flight. Generally, the rolling moment, the side force, 
and the yawing moment must all be balanced in order 
to  stabilize the airplane on a desired heading. The 
net result of this requirement is that the sideslip angle 
will not be zero and its effect on the rolling moment, 
side force, and yawing moment can be as large as the 
engine-inoperative asymmetries themselves. When 
the sideslip angle is considered, there can be at least 
three control strategies as illustrated in figure 12. Us- 
ing the first strategy, shown in figure 12(a), the pilot 
maintains roll attitude and sideslip (assuming a cock- 
pit display of sideslip) at zero. Although the yawing 
moment is zero, the rudder generates an unbalanced 
side force which will cause the ball in the turn and 
slip indicator t o  be displaced away from the inop- 
erative engine, and the airplane will have a steady 
heading rate toward the inoperative engine. Thus, 

the first strategy is not successful in stabilizing the 
airplane on a given heading even though the yawing 
and rolling moments are zero. If the pilot applies 
additional rudder deflection to stop the heading rate 
while maintaining the roll attitude at  zero, the con- 
dition depicted in figure 12(b) will apply. In order 
to  balance the side force due to  the rudder deflec- 
tion, a sideslip toward the inoperative engine will 
develop. This sideslip will, through the natural di- 
rectional stability of the airplane, add to  the engine- 
inoperative yawing moment; thus, even more rudder 
deflection will be required to  attain equilibrium. The 
third and generally accepted control strategy is illus- 
trated in figure 12(c). In this strategy, the pilot rolls 
the airplane 5 O  into the operative engine and adjusts 
the rudder deflection to  stop the heading rate. The 
sideslip will now probably be toward the operative 
engine and there will be two favorable effects. First, 
the directional stability of the airplane will now sub- 
tract from the engine-inoperative yawing asymmetry 
and reduce the rudder deflection requirement. Sec- 
ond, there will be a side force due to the component 
of airplane weight toward the operative engine. This 
component of weight will help cancel the side force 
due to  the rudder deflection. 

In actual practice, many pilots may use a fourth 
control strategy. These pilots apply enough rudder 
force to stop the initial transient yawing motion of 
the airplane after the engine failure. They then hold 
a fairly constant rudder pedal force and make rela- 
tively higher frequency inputs with the lateral con- 
trols apparently to  maintain a constant heading. The 
final average condition is an intermediate condition 
between those shown in figures 12(b) and (c). That 
is, the average roll attitude 'is somewhere between Oo 
and 5" toward the operative engine. The nominal 
simulated automatic trim system approximated this 
control strategy in that the trimmed roll attitude was 
about 3". 

Static Characteristics 
The simulated control deflections and sideslip an- 

gle for control strategies shown in figures 12(b) and 
(c) are shown in figure 13 for various airspeeds. As 
the airspeed decreased, the rudder and aileron de- 
flections required to  stabilize the airplane increased 
regardless of the strategy used. In general, more con- 
trol deflection was required to stabilize the airplane 
with the left engine inoperative than with the right 
engine inoperative. This is usually true when both 
propellers rotate in a clockwise direction as viewed 
by the pilot. In fact, as the airspeed decreased with 
the right engine inoperative and 4 = -5", the air- 
plane would stall before the rudder reached its 32" 
travel limit and was no longer able to  counter the 
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engine-inoperative asymmetries. With the left engine 
inoperative and with its propeller windmilling with 
4 c  = 5", maximum rudder deflection was required at  
91 knots, which defined the minimum control speed 
Vmc for this simulation. The minimum control speed 
V,, should not be confused with the minimum trim 
speed V,. The minimum control speed is a function of 
the control deflections with a windmilling propeller, 
whereas the minimum trim speed is a function of the 
trim-tab position with a feathered propeller. 

A more detailed look at the effect of roll attitude 
on the control deflections at  a constant airspeed is 
shown in figure 14. By rolling the airplane from wings 
level to 5" into the operative engine, the rudder de- 
flection required to  stabilize the airplane was reduced 
more than 50 percent. The aileron deflection was si- 
multaneously increased, but there was still consider- 
able aileron deflection available. As the aileron con- 
trol force was increased to  roll the airplane into the 
operative engine, the rudder control force decreased. 
(See fig. 15.) For the present simulation, a l-lb in- 
crease in aileron force reduced the rudder pedal force 
8 lb. Thus, the aileron could be viewed as a very 
powerful boost for the rudder. This boost was ac- 
complished, of course, through the change in sideslip 

directional stability of the airframe. If the sideslip 
becomes too large, however, the vertical tail may 
stall; therefore, there are practical limits to the boost 
which the ailerons can provide. Inasmuch as verti- 
cal tail stall was not modeled, these limits could not 
be determined in this study. The importance of the 
boost can be great if the rudder trim tab has limited 
authority. Thzt is, without the sideslip generated 

the rudder trim tab  on many airplanes may not be ca- 
pable of deflecting the rudder far enough to counter 
the yawing asymmetries. The pilot would have to 
apply the additional rudder control force needed to  
stabilize the airplane. 

Another limitation to the use of excessive roll at- 
tit ude to  control the engine- inoper at ive asymmetries 
is the associated penalty in climb performance. The 
nominal single-engine climb performance (propeller 
feathered) for this simulation was marginal and with 
either the flaps or gear extended it was not possible 
to climb. (See fig. 16.) The maximum rate of climb 
at Vy,,, occurred at  a roll attitude of approximately 
-2.0". (See fig. 17.) A roll attitude of -5O, which 
is accepted engine-inoperative practice, produces a 
penalty of 80 fpm, whereas larger roll attitudes pro- 
duce ever increasing penalties in climb performance. 

The effectiveness of the automatic trim system in 
reducing the static control forces with an engine in- 
operative after all transients have died out and the 

l and the resulting yawing moment produced by the 

I when the airplane is rolled into the operative engine, 

airplane is stabilized is shown in figures 18 and 19. 
With the automatic trim system off and the trim- 
tab positions held constant, the control forces in- 
creased as the airspeed decreased. With the auto- 
matic trim system on, the control forces were greatly 
reduced compared with the automatic trim system 
off. The trim-tab positions increased as the airspeed 
decreased which helped compensate for the increased 
asymmetries a t  the lower airspeeds. Inasmuch as the 
automatic trim system did not close the loop on the 
control forces, the control forces were, in general, not 
zero because of the nonlinear airplane characteristics 
and the fact that gain scheduling was not used in the 
simulation. However, the forces were greatly reduced 
by the automatic trim system for this particular gain, 
and the pilots could not readily detect these small 
out-of-trim conditions especially at Vy,,, (109 knots). 
The change in the force from system off to  system on 
was directly proportional to  the automatic trim sys- 
tem gain K f .  Thus, an error in this gain or any 
uncertainty in an operational measurement of slip- 
stream dynamic pressure would be reflected in an 
equal percentage change in the reduction in force. 
This dependent relationship is the reason one of the 
primary research variables was the residual force pa- 
rameter $, inasmuch as it affected K f .  (See eq. ( 5 ) . )  

Unlike the roll and yaw axes, the nominal pitch 
axis system was not designed to  reduce the large 
longitudinal wheel force to  zero as explained earlier. 
It was found that requiring the pilot to  exert an 
aft control force to  counter a nose-heavy condition 
helped to minimize the tendency for the airspeed 
to  get dangerously low immediately after the engine 
failed on takeoff. The resulting force characteristics 
are shown in figure 20. At the airspeeds used in 
the takeoff maneuver (approximately 100 knots), the 
force is about halved. Although not readily apparent 
from the figure, the automatic trim system also 
reduces the slope of the curve and, thus, reduces the 
apparent stick-free static stability slightly. The main 
effect, however, is an offset in the force. 

The pilot could fly the airplane with his feet on 
the floor with the automatic trim system on. That 
is, with the rudder pedals floating free (F,  = O.O), 
the pilot could control the heading with the ailerons 
alone because the automatic trim system caused 
the rudder to  float in the direction to counter the 
single-engine yaw asymmetry. At 110 knots, such 
a control strategy would result in a trimmed roll 
attitude of close to  5' and a total aileron control 
force of less than 3 lbf. (See fig. 21.) An aileron 
control force of less than 3 lbf is probably within 
the friction level of many general aviation control 
systems. (Control system friction was not considered 
in these calculations or in the piloted simulation.) 
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The effectiveness of this control strategy of let- 
ting the rudder pedals float free for different levels of 
asymmetric power is demonstrated in figure 22. That 
is, with the automatic trim system on, as the power 
level is increased on the operative engine, the auto- 
matic trim system added more and more trim-tab 
deflection so that the pilot had to  apply very little 
additional lateral wheel force even though the con- 
trol surface position and roll attitude were increasing 
with the power level. With the automatic trim sys- 
tem off, the pilot had to  apply much more force and 
use larger roll attitudes. At full asymmetric power 
(100 percent on the right engine), the roll attitude 
was large with the automatic trim system off because 
the float angle of the rudder did not help counter the 
asymmetries. In fact, the sideslip for this condition 
may have been enough to  stall the vertical tail. 

The data in figure 22 also illustrate another ben- 
efit of this automatic trim system. This benefit is 
that commanded trim roll attitude varies with the 
level of asymmetric thrust. The pilot is normally in- 
structed to use 5O of roll attitude whenever there is 
an engine failure, regardless of the airspeed or power 
level on the operative engine. If the pilot maintains 
5' of roll for low differential thrust coefficients with 
no automatic trim system, the rudder deflection will 
become reversed as shown in the flight test results. 
The 5' is only appropriate for full asymmetric power 
at Vmc. Lower power levels on the operative engine 
or higher airspeeds should require correspondingly 
lower amounts of roll attitude. This result is exactly 
what the automatic trim system normally achieves if 
the pilot lets the rudder pedals float free and controls 
the heading with the roll attitude. 

Dynamic Characteristics 
The dynamic response of the airplane to a sudden 

engine failure during a full-power climb with the 
controls free is shown in figure 23. Even though there 
was no feedback of the airplane attitude, the roll-off 
and nose drop was much less with the automatic trim 
system on than with the automatic trim system off. 
The reduction in roll-off was caused by the trim tabs 
driving the controls in a direction which opposed the 
roll-off. The automatic trim system for the elevator 
reduced the tendency of the airplane to  pitch down 
as the engine failed. Actual improvement in the 
controls-free response is strongly dependent on the 
control actuation time At.  The nominal value of 2 sec 
was used for the run in figure 23. 

The dynamic response of the airplane to  a sud- 
den reduction of power on the operative engine from 
a completely stabilized and trimmed flight condi- 
tion with one engine inoperative and its propeller 
feathered is shown in figure 24. When the power 

on the operative engine was reduced, the airplane 
was no longer trimmed, and it rolled and yawed to- 
ward the operative engine. The automatic trim sys- 
tem again reduced the response to  the asymmetric 
power change because of the controls-free movement 
of the control surfaces. These characteristics should 
be helpful when maneuvering the airplane for a land- 
ing after an engine failure. 

Piloted Simulation Maneuvers 
Time histories of the airplane responses during a 

piloted simulated takeoff followed by an engine failure 
are shown in figure 25(a). In these maneuvers, the 
pilot was able to  maintain better heading and roll 
control with the automatic trim system on than with 
the automatic trim system off. There were also fewer 
oscillations in the attitude; this indicates a lower 
pilot workload as reflected by the control forces in 
figure 25(b). However, the automatic elevator trim 
system evidently caused the pitch attitude to  be 
relatively high, and as a result, the airspeed initially 
decayed more rapidly with the system on. The larger 
airspeed decay resulted in a slightly higher initial 
peak altitude because the total energy (potential plus 
kinetic) was practically the same for both maneuvers. 

The control positions and forces for the same ma- 
neuver are shown in figure 25(b). The automatic 
trim system quickly reduced the control forces as ex- 
pected, and except for the first second or two af- 
ter the engine failure, the control surface positions 
were practically identical. The automatic trim sys- 
tem began changing the trim-tab deflections imme- 
diately after the engine failure (fig. 25(c)), which im- 
proved total response to  the initial airplane diver- 
gence. Without the automatic trim system the pilot 
took from 10 to 15 sec after the engine failure to  
make a trim-tab change because he was busy main- 
taining control and feathering the propeller. The 
manual trim-tab changes were not large enough in 
the aileron and rudder axes and the pilot was still 
maintaining substantial control forces in these axes 
even after 35 sec. (See fig. 25(b).) The manual trim- 
tab input in pitch was more than adequate and the 
resulting forces were about the same with the auto- 
matic trim system on or off. 

In general, the pilots thought the automatic trim 
system made the airplane easier to  control in an 
engine inoperative condition. In terms of Cooper- 
Harper pilot ratings, there was an improvement of 
2 or 3 pilot rating units over that for the unaug- 
mented airplane, depending on the pilot giving the 
rating. This improvement was the largest for the 
takeoff maneuver but the automatic trim system was 
also beneficial for the landing maneuver. The auto- 
matic trim system was beneficial in two basic ways: 
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(1) it reduced the rate of the initial airplane diver- 
gence after an asymmetric thrust change and (2) it 
reduced the steady-state control forces and practi- 
cally eliminated the need for manually retrimming 
the airplane. Although the automatic trim system 
did not produce a perfectly trimmed condition, the 
pilots usually did not think it was necessary to manu- 
ally trim out the small forces which were still present. 
Apparently, the automatic trim system provided a 
reasonable balance between system intervention and 
keeping the pilot “in the loop.” In other words, even 
though it reduced their workload, the pilots did not 
get the impression that the automatic trim system 
was taking control of the airplane away from them. 
The pilot was still in direct control of the primary 
control surfaces, and the airplane responded to the 
initial failure in a normal fashion so that there was 
no mistaking that an engine had failed. 

The main detracting characteristic of the auto- 
matic trim system was related to  the standard tech- 
nique that light airplane pilots use to identify the 
correct propeller to feather. Pilots of light twin- 
engine airplanes are usually taught to identify which 
engine has .failed by associating it with the foot that  
is not applying the large rudder pedal force required 
to maintain control of the airplane. (The direction 
of the rudder pedal input must be instinctive or con- 
trol of the airplane will be lost immediately.) Thus, 
if the pilot is not pushing on the left pedal, the 
left engine has failed. Since the automatic trim sys- 
tem greatly reduced the pedal force required or even 
slightly reversed it, the time-honored “dead foot- 
dead engine” mnemonic became meaningless because 
both feet were essentially “dead.” One pilot thought 
that this confusion was at  least partially caused by 
the lack of yawing motion cues in the simulator. He 
thought that this confusion would be reduced, if not 
eliminated, in actual flight where the yawing motion 
cues would help identify the inoperative engine. In 
general, however, all the pilots agreed that the cue- 
ing lights on the prop controls were needed more with 
the automatic trim system on than with it off. The 
cueing lights were used primarily to  confirm the pi- 
lot’s independent determination of which propeller 
should be feathered. Extended experience with the 
cueing lights would probably increase the confidence 
of the pilots in the lights and increase their reliance 
on them. 

Residual force variations. The pilot ratings ob- 
tained by varying the residual force parameter while 
holding the other automatic trim system parameters 
at  their nominal values are shown in figure 26. If the 
residual force was positive, the initial airplane diver- 
gence was larger than for = 0 and steady forces 

were required to  stabilize the airplane in the steady 
state. If the residual force was negative, the initial 
airplane response was further suppressed compared 
with the responses with the nominal zero residual 
force; but steady forces in the reversed direction were 
required to stabilize the airplane in the steady state. 
The primary research pilot gave his best rating for a 
residual force of -25 percent (fig. 26), whereas the 
other two pilots preferred the nominal zero residual 
force. The primary research pilot was apparently 
more sensitive to the initial engine-failure dynam- 
ics, whereas the other two pilots were more sensitive 
to the steady-state forces. Even with a 25-percent 
change in the residual force from the nominal value, 
the pilot rating was still substantially better than 
the system-off ratings. (See fig. 26.) Thus, the errors 
shown in figure 10 for the flight test measurements 
do not preclude the effectiveness of the automatic 
trim-tab system with a single slipstream sensor. 

Response times. The handling qualities were 
not as sensitive to the response time as might be 
expected. This insensitivity is the reason a rather 
coarse (0.5, 2 ,  8, or 32 sec) division of response 
time was used in this study. The fact that the 
automatic trim was an open-loop system probably 
explains the insensitivity. The pilot had to  always 
supply the stability for the airplane, and the response 
time mainly affected the amount of time he had to  
hold the unaugmented control forces. Evidently, it 
did not matter a lot whether he had to  hold the 
forces 2 or 3 sec because he was busy stabilizing 
the airplane immediately after the engine failure. 
When the automatic trim system response t h e  4 t  
was varied while holding the other three automatic 
trim system parameters at their nominal values, the 
pilots generally preferred the fastest response times 
of 0.5 and 2 sec. The faster response times reduced 
the initial divergence and did not affect the steady- 
state control forces. The only possible drawback of 
the fastest response time was that it tended to take 
the pilot out of the loop somewhat so that he got 
the impression that he was no longer the primary 
determinant of what the airplane was doing. One 
pilot, therefore, rated the 0.5-sec response time as 
slightly less desirable than the 2-sec response time. 
(See fig. 27.) 

The faster response times obviously require more 
capability in the trim-tab motor. Even the nom- 
inal 2-sec response is many times faster than that 
for currently used trim motors. The faster response 
times also pose problems in certification of the failure 
modes of the automatic trim system. (See ref. 14.) 
A runaway trim motor can cause large disturbances 
to  the airplane, especially in the pitch axis, and must 
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be detected and corrected quickly. However, as air- 
craft avionics systems evolve toward more sophisti- 
cated digital logic, failure test and correction features 
should be capable of controlling a runaway trim mo- 
tor with an acceptable disturbance to  the airplane. 

Minimum trim speed variations. When the mini- 
mum engine-inoperative trim speed V, was increased 
above the nominal value, according to  the pilots' ver- 
bal comments, there was relatively little degradation 
in the handling qualities until V, = 100 or 110 knots. 
The handling qualities with V, = 90 knots were 
judged to  be about the same as with the nominal 
value of V, < V,. Even though both the aileron arid 
rudder trim tabs were less powerful than the nomi- 
nal automatic trim system, the pilot could not read- 
ily tell the difference between the 90-knot automatic 
trim system and the nominal automatic trim system. 
The airspeed rarely went below 90 knots; therefore, 
the automatic trim system was able to effectively 
zero all the forces once the propeller was feathered. 
When V, = 120 knots, the handling qualities were 
judged to be clearly inferior to those with the nomi- 
na! va!ue of 1% : V,. Hcvvev~er, the handing qua!ities 
were still better than with no automatic trim system. 
The engine failures for the takeoff maneuvers gener- 
ally occurred at an airspeed of 100 knots; therefore, 
the 120-knot automatic trim system was unable to  
relieve all the control forces due to  the asymmetric 
thrust. After the propeller was feathered and the 
value of Vy,,, of 109 knots was established, however, 
the forces were very nearly trimmed. 

The actual pilot ratings, shown in figure 28, indi- 
cate that there was a substantial degradation (1 pi- 
lot rating unit) in the handling qualities even when 
V, = 90 knots. This inconsistency with the verbal 
comments may be because the numerical pilot rat- 
ings for the nominal system were not taken at the 
same time that the other ratings were taken. It is be- 
lieved that the pilots' verbal comments, which were 
given previously, give the more accurate impression 
of the effect of the minimum trim speed V, on the 
handling qualities. In either case, the minimum trim 
speed or the trim-tab authority is a very important 
determinant of automatic trim system performance. 

Trimmed roll attitude variations. The handling 
qualities were judged to  be relatively unaffected by 
the values of & tested except for the extreme values. 
(See fig. 29.) With the automatic trim system de- 
signed for & = loo, the pilots felt that this roll angle 
was excessive and they began to  oppose the roll. This 
reversed roll control input felt very unnatural to  the 
pilots and as a result they rated this particular auto- 
matic trim system as much worse than the nominal 
automatic trim system and possibly worse than no 

automatic trim system. Its only good feature seemed 
to  be the large and rapid aileron input which limited 
the initial roll-off after the engine failure. The unde- 
sirable characteristics of this automatic trim system 
were related only to  its effect on engine-inoperative 
control and not the impact of the roll angle on single- 
engine climb performance. For this part of the t.est.s, 
the airplane drag was arbitrarily adjusted such that 
the climb for the qbc = 10' automatic trim system 
was the same as that for the nominal automatic trim 
system. This approach allowed the evaluation to fo- 
cus on the control aspects only. 

When & = -lo, the pilots thought the handling 
qualities were not quite as good as with either the 
nominal value of 3' or with & = 5'. There seemed 
to be some tendency of the pilots to still try to  roll 
into the operative engine for q5c = -lo. When they 
tried this, the rudder control force became slightly 
reversed and as a result the automatic trim system 
was given a somewhat degraded pilot rating. 

In summary, it seemed that 10' of roll was ex- 
cessive, even if the vertical tail did not stall and the 
degraded performance was neglected. A value of & 
between 3' and 5' was acceptable from both control 
and performance standpoints. 

gave the automatic trim system a 2-pilot-rating-unit 
better rating than the unaugmented airplane for the 
misjudged approach and landing maneuver. The 
automatic trim system kept the airplane in trim for 
all power levels on the operative engine and made 
retrimming unnecessary throughout the maneuver. 
The automatic trim system also suppressed the initial 
transients after an increase or decrease in power on 
the operative engine. 

The automatic trim system was of almost negli- 
gible benefit for the normal engine-inoperative land- 
ing. The VFR, no-wind conditions allowed the pilots 
plenty of time to  make slow power changes and make 
easy landings on the long runway (11 500 ft). 

Single-axis systems. As stated earlier, the nom- 
inal automatic trim system really consisted of three 
separate systems in the pitch, roll, and yaw axes. 
When only one axis at a time was activated, the pi- 
lots in general did not find any one axis markedly 
more beneficial than either of the other two. Each 
single axis provided some benefit, but the benefit of 
one axis alone never approached the combined ben- 
efit of all three axes working simultaneously. For ex- 
ample, the rudder system alone was not nearly as 
effective as the combined automatic trim system. 

It was found that proper design of the elevator 
system was very important. It was desirable to  
have some pitch-down trim change after the engine 

Engine-inoperative landings. All three pilots 
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failure to  help eliminate the natural tendency to  let 
the airspeed decay to dangerously low values. The 
unaugmented airplane in this simulation had too 
large a pitch-down trim change; thus, the automatic 
trim system was designed to  eliminate about half of 
this change as described earlier. If the unaugmented 
airplane had not had the pitch-down trim change, it 
would have been very desirable (and easy) to  design 
the automatic trim system to produce at  least a mild 
pitch-down. 

Conclusions 
A simulation study has been conducted to  inves- 

tigate an automatic trim system concept designed 
to  improve the flying qualities of light twin-engine 
airplanes after an engine failure. The automatic 
trim system drove the rudder, aileron, and eleva- 
tor trim tabs as an open-loop function of differential 
thrust coefficient. The control law was derived un- 
der the premise that differential thrust coefficient is 
a function of measurements of differential slipst,ream 
dynamic pressure. The primary conclusions of the 
study are as follows: 

1. The automatic trim system was found to be 
beneficial for coping with both sudden engine fail- 
ures and for extended post-engine-failure maneuver- 
ing when the power level on the operative engine 
must be varied. 

2. The improvements provided by the automatic 
trim system are due primarily to suppression of the 
initial transients after a change in the asymmetric 
power level and by reductions in the static control 
forces after the airplane was stabilized. 

3. The automatic trim system seemed to strike a 
reasonable balance between automatic trim system 
intervention and keeping the pilot in the loop. 

4. The research pilots rated the flying qualities of 
the airplane with the automatic trim system to be 2 
to  3 pilot rating points better than those of the basic 
airplane for a maneuver involving an engine failure 
immediately after takeoff. 

5. The automatic trim system substantially im- 
proved the handling qualities, even with system er- 
rors of 25 percent. 

6. The automatic trim system response times 
may pose problems in the certification of the failure 
modes. 

7. The reduced rudder pedal forces with the au- 
tomatic trim system on made the task of identifying 
the correct propeller to feather more difficult. Also, 
the lack of yawing motion cues in this simulation may 
have complicated the task of identifying the correct 
propeller. 

14 

8. Flight test measurements of the propeller slip- 
stream indicate that the proposed control law is vi- 
able. 

9. The minimum trim speed should be as low as 
possible. For an automatic trim system using trim 
tabs rather than powered actuators, this requirement 
means that the trim tabs should have as much au- 
thority as possible. 

10. The pitch axis system of the automatic trim 
system should be designed to  produce at least a mild 
pitch-down trim change after an engine failure. Such 
a trim change is needed to help eliminate the natural 
tendency to  let the airspeed decay to  dangerous levels 
for an engine failure after takeoff. 

11. The aileron can be used to control the amount 
of bank into the operative engine and to  boost the 
apparent effectiveness of the rudder in controlling 
engine-inoperative asymmetries. However, the prac- 
tical limits of this boost were not investigated in this 
study because vertical tail stall effects were not mod- 
eled. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
August 29, 1986 
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Figure 8. Variation of trimmed rudder position with slipstream dynamic-pressure parameter determined in 
flight tests. Indicated airspeed, 90 knots; density altitude, 6000 ft; 4 = 5 O .  
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Figure 9. Variation of trimmed rudder trim-tab position with slipstream dynamic-pressure parameter 
determined in flight tests. Indicated airspeed, 90 knots; density altitude, 6000 ft; $I = 5 O .  
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Figure 14. Effect of roll attitude on control surface positions required to stabilize flight. Left engine inoperative 
and propeller feathered; V = 109 knots. 
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Figure 15. Reduction in pedal force required to stabilize flight as lateral wheel force is increased. Left engine 
inoperative and propeller feathered; V = 109 knots. 
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Figure 16. Climb performance for selected configurations of baseline simulated airplane. 4 = Oo. 

200 

100 

h, fpm o 

-100 - 

-200 - 1 
-10 -8 -6 -4 -2 0 2 

0, deg 

Figure 17. Effect of roll attitude on climb performance with right engine inoperative and right propeller 
feathered. V = 109 knots. 
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Figure 18. Effectiveness of automatic trim system in reducing pedal forces required to stabilize flight. Left 
engine inoperative and propeller feathered; 4 = 5'; F = 0; At = 2 sec; Vp = 100 knots; & = 5'. 
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Figure 19. Effectiveness of automatic trim system in reducing lateral wheel forces required to stabilize flight. 
Left engine inoperative and propeller feathered; $J = 5'; 5 = 0;  At = 2 sec; Vp = 100 knots; & = 5'. 
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Figlire 20. Effectiveness of automatic trim system in reducing longitudinal wheel forces. Initial trim tab set 
to make control force zero with full symmetric power at 109 knots; right engine inoperative, propeller 
feathered; 4 = -5’; F = 0; At = 2 sec; V, = 100 knots; & = 5’. 
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Figure 21. Effectiveness of automatic trim system in reducing lateral wheel forces required to stabilize flight 
= 0; At = 2 sec; with rudder pedals floating free (FT = 0). Left engine inoperative and propeller feathered; 

V, = 100 knots; & = 5’. 
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Figure 22. Effect of right engine power on lateral wheel forces required to stabilize airplane. A Left engine 
inoperative and propeller feathered; V = 109 knots; rudder pedals floating free (Fr = 0); F = 0; At = 2 sec; 
V, = 100 knots; & = 5'. 
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Figure 23. Effect of automatic trim system on airplane dynamics with controls free following an engine failure 
A 

in a full-power climb. F = 0; At = 2 sec; Vp = 100 knots; 4c = So. 
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(bC = 5 O .  
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Figure 25. Comparison of time histories of takeoff maneuver with automatic trim system on and off. Gear and 
flaps retracted. 

35 



System o f f  
System on ---- 

Fa, l h f  

Up 50 - 

OoWn -50 

Fe, l b f  

I 

Fr, l b f  0 -  
\ 

(b) Control forces and positions. 

L e f t  -80 - 

Se, deg Oown Up -25 

L e f t  40 - 
Sa, deg 0 

Right -40 - 
L e f t  32 - 

Sr, deg 0 
Right -32 - 

I 

System o f f  
System on ---- 

::: 
' /- ----- w 

Lef t  engine f a i l u r e  

\ - -  b 
I I I I I I I 

Up 25.0- 

'e,tab' deg 

Right 10 - 

'a,tab' deg 
L e f t  -10- 

Right 10 - 
'r,tab' deg 

L e f t  engine f a i l u r e  Le f t  -10 - 
I I I I I I 1 I I 
0 5 10 15 20 25 30 35 40 

Time, sec 

(c) Trim-tab positions. 

Figure 25. Concluded. 



Pilot 
rat ing 

I 

Unsat is fac tory  

I I A 1 

t 
S a t i s f a c t o r y  

1 i- O Y  
O P  

A I I I I J 0 L l  5 0  25 0 - 2 5  - 5 0  100 " 
Nominal 

System system 
off  A 

F, percent 

Figure 26. Handling qualities sensitivity of residual control force parameter. Solid symbols indicate best values. 
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