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SUMMARY 

An approximative analysis and discussion is given of the behavior of 
poles and zeros characterizing the longitudinal dynamics of VTOL air- 
craft in transition.  In feedback design, it is a desirable goal to 
create a dominant attitude response mode which is separated in fre- 
quency and varies little throughout the transition. This investiga- 
tion ha» demonstrated that this goal can be achieved at fixed operating 
points in transition without accurate prior knowledge about the behavior 
of the stability and control derivatives during transition. In the long- 
itudinal degrees of freedom, pitch attitude and pitch rate feedback were 
used. In the lateral-directional degrees of freedom, the same goal was 
achieved by using yaw rate, roll angle, and roll rate feedback. The 
gains were determined by an approximate procedure. 

Longitudinal and lateral-directional experiments were performed with a 
0.1 scale model of the XC-ll»2A tilt-wing VTOL aircraft. Pulse responses 
of the free-flying model are presented. In the longitudinal tests, accel- 
erating and decelerating transitions were flown with the loop closures 
provided by & small analog computer. The lateral-directional tests were 
conducted at mid-transition (lw ■ U0o) at a trim velocity of 18.6 ft/sec. 
Tests at speeds of 15 ft/sec and 30 ft/sec were conducted representing 
accelerating and decelerating fixed points in transition, respectively. 
In these tests, the cross-control gain from differential collective to 
ailerons was used as a parameter in addition to the feedback gains. The 
results indicate that a tight yaw rate loop closure makes artificial 
control uncoupling unnecessary. A pronounced destabilizing effect 
occurred in the decelerating condition.  In the accelerating condition, 
a more stable spiral mode was apparent. 
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INTRODUCTION 

Vertical takeoff and landing aircraft (VTOL) became technically feasible 
years ago. This family of aircraft is characterized by an essential 
change in configuration during transition between hover and cruising 
speed.  The effort described in this report is connected with VTOL 
aircraft in transition utilizing automatic feedback control. 

The dynamic characteristics of aircraft are expressed in terms of 
stability and control derivatives.  These can be determined in advance 
with sufficient accuracy for a conventional fixed-wing aircraft or for 
a helicopter in hover.  In VTOL aircraft configurations, problems arise 
because of uncertainties in aircraft characteristics and the time-varying 
nature of the transition dynamics. 

It is difficult to predict the exact flow pattern and the fcrces and 
moments for all stages of the configuration change.  Fron the feedback 
designer's point of view, the uncertainties must be considered, but they 
have a somewhat diminished significance. This is due to the well-known 
effect that feedback loop closures tend to make the open-loop character- 
istics disappear as the loop gain is increased. The uncertainties that 
affect the closed-loop performance of a feedback system were explored 
in terms of sensitivities of closed-loop dynamics with respect to air- 
craft parameters. 

Stability derivatives are defined only for a fixed configuration and 
for small deviations from an equilibrium. Because of the acceleration 
associated with the transition during this maneuver, the aircraft is 
intentionally not in equilibrium. Utilizing the Princeton Dynamic Model 
Track and a model of the XC-1^2  tilt-wing configuration, an experlcen'.al 
investigation of accelerating flight on the closed-icop performance was 
performed. These experiments and their results are described. The 
purpose of the investigation was to evaluate the effects of uncertainties 
and time variation on the closed-loop performance of VTOL aircraft. The 
approach utilized fixed operating points in transition in the analysis; 
the effect of tine variation was explored experimentally. 



TRAHSITIOH 

The analytical approach to determine the aircraft dynamics utilized 
fixed operating points in transition, which means that the config- 
uration was assumed to be fixed and the resulting stability and 
control derivatives were defined by perturbations about the equi- 
librium conditions. The behavior of the poles and zeros of the 
transfer functions was determined.  During an actual transition of 
a VTOL aircraft, as the configuration varies in time, the concepts 
of "frequency" and "damping" of various "modes" are meaningless and 
cannot be defined. Nevertheless, for relatively slow transitions, the 
■odes varying in frequency and in damping can provide an approximate 
shape of the response [ 1 ]. 

The longitudinal dynamics of an airplane in forward flight consist of 
two modes of motion.  In the conventional airplane, these are generally 
named the short-period and phugoid modes. The former is generally a 
relatively fast, well-damped oscillation of the aircraft appearing 
primarily in the attitude response, while the latter is usually a 
lightly damped, long-period oscillation which proceeds at essentially 
a constant angle of attack and appears predominantly in the transla- 
tional response. For the VTOL aircraft in transition, these types of 
motion are considerably changed. For a tilt-wing VTOL, one of the 
■odes is still referred to as the short-period mode, although the damping 
will vary from a small negative to a moderate positive value, and the 
period will change considerably during transition. The other mode is 
not like the typical phugoid during parts of the transition. Frequently, 
it will be two real roots: a convergence and a divergence. The time to 
half amplitude and time to double amplitude, respectively, of these modes 
vary considerably during the transition. 

Fixed operating points in transition define loci of roots of the 
characteristic equation which describe the root variations between 
the hovering and the forward flight configuration. As a typical 
example, in early studies carried out on the longitudinal dynamics 
of the tilt-wing VHR-Uli? Tri-Service VTOL aircraft (redesignated the 
XC-ll*2), values of the roots during conversion were obtained as shown 
in Figure 1. The separation of roots in frequency (distance from the 
origin) occurs only approximately halfway through transition and is 
valid only in the high-speed half of the transition. 

The evolution of the roots in the s-plane while tilting the wing 
forward and retracting the flaps, which corresponds to the takeoff 
maneuver, will be discussed in this section. The roots follow the 
same loci in reverse direction when the aircraft converts from forward 
flight to hover.  If these loci were known for any particular configur- 
ation, the dynamics of the airplane during transition could be predicted. 



The loci of the roots cannot be expected to be uniform for different 
VTOL designs.  Yet it is necessary to state fundamental facts regard- 
ing common stability trends and to attempt to establish a mathematical 
framework as the starting point for the feedback control design. 

The influence of the basic lift coefficient slope CL is of primary 
interest. At the higher speed end of the transition, the oscillatory 
pair of roots can be approximated by the second-order equation (e.g., 
Reference [2]): 

ti^s)  = s2 - (Mq + Zw)s + Mq^ - UQM,, = 0 (i) 

Any variation of CL would relocate the roots according to the "root 
locus" defined by the following equation: 

Äi(s) - AZw(s - Mq) = 0 (2) 

In the low-speed end of the transition, the characteristic roots can 
be approximated based on the following equation: 

A2(s) = (s-Xu)[(s-Zw)(s
2-Mqs) - siyij + gMu(s-Zw) = 0 (3) 

The displacements of the roots following changes in Mu can be estimated 
by using root locus  sketches.    The modified characteristic equation with 
a change AMu in the value of the static stability with velocity is given 
by Reference [2]: 

A2(s) +- AMu S(s - Zw)    =    0 (10 

There is a strong influence of Mu in shaping the curve of the oscilla- 
tory pair of roots at low speeds.    This parameter varies over a wide 
range,  according to the configuration selected, flap programming, or 
geometric displacement of the aerodynamic center with respect to the 
center of gravity.    Positive 1^ values are considered to be necessary 
for achieving acceptable handling qualities, at least until sufficient 
angle-of-attack stability has built up to produce a stable short-period 
mode. 

The two remaining roots may assume a variety of relative locations 
through the transition.    There are no adequate approximations in terms 
of stability derivatives which could define the character, oscillatory 
or aperiodic, of these roots, since approximations are valid only when 
the roots are firmly separated in frequency.     If the static margin is 
positive, i.e., the constant term of the quartic is negative, these 
real roots represent a convergence and a divergence. 



The vertical translational degree of freedom of a hovering aircraft  is 
dynamically uncoupled from the horizontal degrees of freedom.    As the 
conversion begins, one real root starts to move from the hovering value 
of Zy and the other real root moves from its hovering value to the right. 
Approaching forward flight, these two roots are near the origin and, 
depending on the sign of the static margin,  form a pair of real roots, 
one positive and the other negative, or a pair of oscillatory phugoid 
roots.    The real parts of the phugoid roots tend to 1/2 Xu as Mu tends 
to zero. 

So far, the general character of the pole movements during conversion 
has been discussed.     For feedback loop closures, the locations of the 
zeros must al^o be considered.    The first choice of loop closure is an 
attitude  feedback loop, which usually not  only stabilizes the hovering 
roots but also provides a good separation of the short-period roots 
throughout the conversion. 

The approximate values of the two zeros of the pitch-to-stick transfer 
function during the low-speed end of the transition, where \JC^V is 
small, can be determined from 

s2 "  (Zw + Xu)  s + Vu    =    0 (5) 

which yields 
s,     =    Z 

i . w 
(6) 

s2     =    X. u 

The first  zero is coincident with the uncoupled root of the  characteristic 
equation in hovering.     The second one is almost equal to zero for a hover- 
ing helicopter.     For a tilt-wing VTOL, the drag is influenced by r.mall 
variations of velocity on the effective angle of attack.    As the tilt-wing 
aircraft leaves the hovering condition,  the two zeros move steadily along 
the real axis toward larger negative values. 

With increasing velocity of the aircraft, the equation  (5)  defining the 
zeros  is not valid since the static   stability with the angle of attack, 
UgMy,,  builds up to increasing negative values.     Still,  a good approxima- 
tion can be presented as follows: 

s2 -   (ZW + XU-^MW)  s + ^X,, --M^ = 0 (7) 

In arriving at this equation, a negligible value for Xw has been assumed. 
As a result,  the two  zeros are given by 

s2  - Xu 

I 



The absolute values of the derivatives Z^ and .My increase with velocity 
after some point  in mid-transition.    The paraceter :_, remains substan- 
tially limited near the value it attains after tfv lower speed part of 
the trarsition has been performed.    As a result   |s,|   increases contin- 
uously to the end of the transition, and  js   |   remains confined to small 
values. 

Summarizing the  general  behavior of the  poles  and  zeros of the pitch 
attitude-to-stick transfer function, a pair of oscillatory poles is 
dynamically unstable near hover and is moving toward airplane short- 
period poles after mid-transition.    The other poles are at or near 
the real axis.    One of these poles is near the origin throughout the 
transition; the ether moves  from the left to the vicinity of the origin. 
The two zeros are  in the vicinity of the origin near hover; as the 
conversion proceeds toward forward flight, one moves to the left toward 
increasing negative values.    As a result, one pole-zero pair remains 
near the origin and therefore near the other throughout the transition. 
The effect of this pole-zero pair on the closed-loop dynamics may be 
neglected in the first approximation unless the oscillatory pair dips 
to very low frequencies. 

The other pole-zero pair can be considered a first-order equalizer, 
in series with the varying oslcllatory second-order system.    This 
equalizer changes  from a lead-lag to a lag-lead configuration.    The 
eg of this pole-zero pair moves opposite to the eg of the oscillatory 
pair, and the eg of the entire pole-zero configuration moves relatively 
little throughout  the transition as compared to the movements of the 
individual singularities.    The two asymptotes of the root  locus plot 
for an attitude loop closure are parallel to the  imaginary axis.    The 
finding that the asymptotes do not vary grossly throughout   the conver- 
sion is considereu  favorable, as high-gain attitude  loop closures 
result  in predominanat  attitude responses  that  do not vary  significant- 
ly  throughout  the  transition.    Detailed  analyses of the longitudinal 
stability characteristics  of tilt-wing \"T?L aircraft  are  found  in 
References   [ i]  and   [h]. 



FEEDBACK DESIGN 

Most VTOL aircraft require the application of automatic  feedback loops 
for improving the handling qualities.    The stability derivatives at the 
two end points of the transition, in the hovering and in the airplane 
configuration, usually can be predicted with reasonably   good accuracy. 
During conversion, insufficiently determined parameters and the time- 
varying nature of the dynamics lead to considerable deviations among 
results based on computation, model tests, and full-scale tests. 

The fundamental property of feedback is that it tends to diminish the 
effects of open-loop system variation as the loop gain is increased. 
If large enough loop gains are used, then, well T-elow the crossover 
frequency which determines the closad-loop bandwidth, the following 
well-known approximation holds: 

G        =     —    =    - (9) 
CL 1 ♦ KGH H ^' 

An efficient feedback system does not have a higher bandwidth than 
necessary for handling the input spectrum.    Much of the operation of 
the closed-loop system occurs near the crossover frequency, where the 
gain must  "roll off" gradually for stability.    The corresponding 
transient response has a dominant mode with a frequency and damping 
that affect the handling qualities. 

In this study, emphasis was placed on attitude and attitude rate 
feedback.    The controlled or involuntary change in aircraft attitude 
is a primary source of translational acceleration.    Aiding the pilot 
in the larger bandwidth inner-loop closures permits him to concentrate 
more on the control of relatively slow translational motions.    The 
following requirements were postulated as the basis for the feedback 
design for this investigation: 

1. There should be a dominant mode in the attitude response 
to a control input.    The period of this mode should be short, 
and the corresponding roots of the characteristic equation 
should be separated from those roots which dominate the  slower 
translational response.    The short-period requirement implies 
that the approach of fixed points in transition is Justified 
for the analysis of the attitude loop closures. 

2. The frequency and damping of--the short-period mode should not 
vary significar.tly throughout the transition,  so that the 
dominant attitude response of ^he aircraft appears approximately 
the same to the pilot  at  all times. 

,1 



PITCH ATTITUDE AND ATTITUDE RATE FEEDBACK 

The loci of the poles and zeros of a VTOL aircraft transfer function 
are known or approximated for the entire transition. Consider the 
transfer function which relates the pitch response to the control 
input as shown below. 
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This transfer function has e  second-order numerator, and its denom- 
inator is the open-loop characteristic polynomial.    With the feedback 
(Kj +    K s)  6, the closed-loop characteristic equation becomes 

6 
= 0 A + (Kj + K2s)'M6e N6e 

The coefficients of the quartic are linear functions of Kj and K . 

(11) 

s1* + f3(K1) s3 + f^K^ K2) s2 + f^Kj, K2) s + fo(K2) = 0 

Choosing K and K2, two of the four roots of this equation can be 
defined. Dividing the polynomial by s2 + Bs + C, the second-order 
expression corresponding to the desired poles, leaves a remainder 
which must be identically equal to zero. 

[fj - Bf2 + (B2 - C)f3 - B
3 + 2BC] s + 

[f0 - Cf2 + BCf, - C(B
2 - C)] =  0 (12) 

This equation yields two linear equations in Kj and K2 that can 



be solved for the desired gain values.    The expressions  in these 
equations depend strongly on the  stabill'.y derivatives and vary 
through the transition.    With known derivatives, the calculation 
of the gains  is no profclen.     However,  for the usefulness of the 
approach, the sensitivities of the results to parameter variations 
must be exploded.    This  is done here  on an example  in  several  ste'ps. 
The data in Reference  [2]   for the tilt-duct VZ-U are used  for th«; 
example   (Figure 2).    These data  art not claimed to be accurate but, 
rather,  to be nominally representative. 

Figure  3 shows the  ^ercs  and the  open-loop and closed-loop poles at 
hover and at  three  speeds.     The desired short-period  poles were pre- 
scribed to be at -3.0 ±   3.0 J.     These poles are  in the  desired  location 
at all  speeds because the  calculations were made with known derivatives. 

Next  it was assumed that the derivatives were known only at the end 
points of the  conversion and the  following choices were made  for the 
stability derivatives:     Xu was to be constant and  Xw was to be zero in 
the entire range;    linear  interpolations were made  for Zu,  Zy,  My,  and 
Mq.     My was  considered  to be constant. 

The assumed functions are shown in Figure 2.    The desired gains K,  and 
K2 to produce a dominant  short period in 3.0 1   3.0 J  were calculated 
with these assumptions, and the results are shown  in Figure t. 

Variations of the derivatives due to gross weight, eg location, and 
accelerating/decelerating flight must  also ^e expected.     Therefore,  it 
would be entirely unjustified to use accurate values of K,  and K2 as 
obtained using the choices  indicated  in Figure 2.     Rather,  the gain 
program should be a simple  function cf the configuration change during 
conversion.     Constant  pain programs  for desired poles  near -3 i   3 J  and 
-2 ±  2 J  are indicated by dashed  lines  in Figure ^,  and  the corresponding 
closed-loop variations  using the known derivative values  are  shown  in 
Figure 6.     The closed-loop  short-period node  is not   ..r.variant,  but   its 
variation through transition is  hardly noticeable to thff pilot. 
Figure  6 illustrates  that  the design principles  previously  btated can 
be satisfied with a  feedback gain prograr. based on  assumptions and 
approximations. 

The desired  closed-lorp short-period mode is always much closer to the 
aircraft's own short-period rode than to any of the poles  in the hover 
and mid-transition regimes.     Therefore,  the  feedback gains  are always 
relatively larger in the  regions  of uncertainties;  as a  result, the 
sensitivity of the closed-loop dominant node  to these uncertainties  is 
relatively low.    The described  design procedure  is  illustrated here 
also for the XC-1J42 model.    The experimentally determined stabilitj 
derivatives  of Reference  [5l  are used as original   ("known")   infonr1 tion. 



The assumed values for the feedback design, instead of the "known" 
values of Reference [5], are zero for Xw, Zu, Zw, and Mw.  Xu is 
taken constant as -0.3, Mu is assumed to decrease linearly from its 
hover value to zero at the 100 ft/sec point, and NL is assumed to 
increase linearly from zero to -.9 at 100 ft/sec. The feedback gain 
values for closed-loop short-period modes at -3 ± 3 j and at -2 ± 2 J 
are shown in Figure T. Use of the fixed gains indicated in Figure 7 
yields the closed-loop dynamics illustrated in Figure 8. 

In summary, this section described and illustrated a feedback design 
principle for the pitch attitude and pitch rate loop closures of two 
VTOL aircraft in transition. The identical principle can be applied 
to other aircraft because the insensitivity to the open-loop charac- 
teristics due to the application of feedback permits assumptions to be 
made if the general behavior of the derivatives during transition is 
known. 

LATERAL-DIRECTIONAL FEEDBACK LOOPS 

In the latertl-directional degrees of freedom, various loop clos'ires 
can be considered. In accordance with the requirements stated earlier, 
separation in frequency of a dominant short-period mode and invariance 
were considered to be primary goals of the lateral-directional feed- 
back design in this study. As in the longitudinal degrees of freedom, 
an approximating model was used to determine the feedback parameters; 
the deviations due to the approximations are illustrated. 

The simplified form of the Laplace-transform of the equations of motion 
is the following: 

s-Yv -g "o 

-Lv s2-sLp -L 

-Nv -sKP s-N 

V Y6a Y6r 

4) = L6a L6r 

6 a 

6 r 
^a % r   ' 

(13) 

The notation of the controls Oa and 6r corresponds to conventional 
aircraft aileron and rudder controls.  In converting VTOL aircraft, in 
hover and at low speeds, the corresponding angular accelerations are 
provided in different ways.  Differential thrust is used for roll 
control in most cases. Differential tilting of the thrust vector or 
separate thrusters are used for directional control.  The application 
of rolling and yawing moments can be separated very well in hover. As 
the thrust is tilted during conversion, however, any differential 



modulation of the thrust provides both a rolling and a yawing moment. 
Accordingly, besides "phasing out" the hover control mode during 
conversion, some crossing of controls is usually applied in order to 
control rolling moments predominantly with 6a and yawing moments with 
6r throughout. The control derivatives on the right-hand sides of 
Equation (13) represent the resultant relationships among accelerations 
and control inputs. Deviations from ideal or assumed uncoupling can 
have a marked effect on handling. The effect of such deviations on 
the closed-loop dynamics is of interest especially when multivariable 
loop closures are applied. 

Considering accurate flight path control as an important requirement, 
translational accelerations with respect to a re erence trajectory 
must be controlled accurately.  In hover as well as in coordinated 
forward flight, the roll attitude provides the-dominant control of 
lateral acceleration with respect to a desired flight path. Therefore, 
a roll attitude and rate loop closure provides essentially translational 
acceleration control with respect to a fixed reference path. 

As in the longitudinal case, an attempt was made to place a relatively 
high frequency pair of conJUÄate complex poles near predetermined nom- 
inal locations. The same nominal locations as in the longitudinal case 
were chosen so as to approximate homogeneity of the short-period responses. 
This approach in the lateral loop closure design is discussed here as 
applied to the VZ-U, using the derivative information of Reference [2]. 
In Figure 9t the given derivatives at the four airspeeds are shown; the 
approximations used are indicated by dashed lines.  In the cases of Yv, 
Lp, and Ny, the approximations are straight lines drawn between the 
two endpolnts of what is considered the transition range. Ly  and Lg 
are approximated by constants throughout the range; Np, Y5 , and Ng 
are considered zero.  In the cases of Yg , Nr, Lg , and Nj , the 

curves drawn are the resultants of linear decreases to zero of the 
hovering values and quadratic increases from zero to the forward flight 
values.  The open-loop poles and the zeros of the (f/Sa transfer function 
obtained with the original derivatives are shown in Figure 10; those 
obtained with the approximations are shown in Figure 11. The deviations 
of the corresponding open-loop poles are minor. The deviations of the 
zeros are considerable because of the rather sweeping assumptions made 
about some of the control derivatives. These were made in order to 
demonstrate the relative insensitivity of the closed-loop fast response 
to these parameters.  In the same two figures are also shown the 
closed-loop poles when tvo of them are placed into the -3 ± 3J points 
with appropriate K*, Kl gains.  Gains as calculated for the appropriate 
model are shown in Figure 12, where the choices of constant values for 
the feedback gains are also indicated. Feedback with these gains is 
then applied using the original derivatives; the results for two design 
points, -3 ± 3J and -2 ± 2J, are shown in Figure 13. This figure shows 
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the deviations resulting from the fact that fixed gains were chosen based 
on an approximate model.    As can he expected, the application of constant 
gains throughout results in relatively large deviations at the highest 
speed where the aircraft itself begins to develop a dominant fast mode 
5n the roll response.    During most of the transition, which might be 
characterized by the lack of such a mode, the constant gain roll atti- 
tude and roll rate feedback results in a dominant mode which varies 
only slightly. 

Next, a yaw rate feedback loop is considered.    Again, the design is 
made using the approximate model and then is applied using the original 
derivatives.    First a cross-control from 6r to 6a is considered in order 
to reduce the rolling moments caused by rudder inputs.    The ratio Lg /N5 
has the following values at the four speeds indicated in Figure 9: 
0.278, 0.195, 0.156, and 0.068.    With a cross-control gain Kar, the 
right-hand sides of the lateral equations are modified as follows: 

Y6a 
Y6r 1 

1 Sa+Kar^r 

L6a 
L6r 

6r 
S 

N6a N6r | 

«a «r ar °a 

Löa Wa 

N6a   W6a 

6a 

ilk) 

The rolling moment due to rudder input would be eliminated if the term 
Lfi      +    K      Lg    was zero.    The following values of K      ■ -Lg /Lg 

at the four speeds correspond to this condition:    0.21k,  0.250, 0.227, 
and 0.150.    Instead, a constant cross-control gain K^ *  .2 was chosen 
which diminished but did not eliminate the rolling moment due to rudder 
input.    The following reduced values of L5  /N5    resulted:     0.019,  0.039, 
0.018, and -O.O23.    With the same Kar value applied using the approximate 
derivatives, the poles and zeros of the ty/&r transfer function are shown 
in Figure lU.    This figure shows the conjugate complex zeros to be near 
each other at all speeds.    The root locus for the 73 ft/sec speed is 
also plotted in Figure lk.    Based on the root loci, a relatively large 
but constant K^    feedback gain was chosen, resulting in a fast dominant 
^ response and bringing the poles close to the zeros. 

The poles resulting from the yaw rate loop closures were used as the 
basis for the roll attitude and rate feedback design.    The gains calcu- 
lated for predetermined locations of two of the closed-loop poles are 
shown in Figure 15. together with the constant K., K!    values chosen. 

11 



Finally, the constant K. , K*    values indicated in Figure 15 were used 

for roll attitude and rate feedback gains, with the poles of Figure lh 
as open-loop poles.    The block diagram of the corresponding feedback 
system is shown in Figure 16.    Figure 17 shows the closeu-loop poles 
using a constant cross-control gain K      =  .2, a constant yaw rate feed- fl.r 
back gain Kj  = 2, and constant  ^ 11 angle and rate feedback gains K. 

and K!   for -3 ± 3j  as the predetermined fast mode to be approximated. 

The variation of the oscillatory mode is within a relatively confined 
area.    This illustrates that using the applied loop closures leads to 
relatively invariant closed-loop dynamics in the transition region, 
even though the constant gains were determined based on an approximating 
model.     The same principles and method can be applied to the feedback 
design of other aircraft in transition. 

12 



MODEL EXPERIMENTS WITH FEEDBACK 

The Princeton University Dynaric Model Track provides a unique capability 
to test  free-flying models at low speeds (Reference (6)).     A 0.1C scale 
dynamically  similar model of the  XC-1U2A tilt-wing aircraft  has been 
tested extensively  in this  facility,  and this model  was used  in the 
course of an experimental program to explore the closed-loop dynamics 
with a variety of feedback gains.    The model angular degrees of freedou 
were instrumented with potentiometers and miniature rate gyros to provide 
the attitude and rate information necessary for the  feedback experiments. 
In addition, a  tail  rotor support  system was  installed  that  allowed measure- 
ment of the tail rotor thrust by means of strain gauge instrumentation. 
The servos used to position the model  pitch, roil, and yaw controls have 
bandwidths of approximately 3 Hz.    An eight-amplifier analog computer 
was used to provide the necessary loop closures and gain adjustments. 
An additional unit with two  servo multipliers was used  to provide programs 
for pitching moment trim and vertical  force trim.    The computer and the 
program servo were mounted on the dynamic carriage that   follows the 
model motions.    The following model electrical signals were available at 
the computer: 

Wing angle Roll angle 
Pitch angle Roll rate 
Pitch rate Yaw angle 
Vertical error Yaw rate 
Horizontal error rate Vertical  sink rate 
Flap position Lateral error rate 

In addition,  there were connections  to the  following actuator  servos: 

Starboard collective pitch 
Port collective p^ch 
Tall   rotor collective fitch 
Flap deflection 
Wing  Incidence 
Starboard aileron 
Port  aileron 

LONGITUDINAL MODEL EXPERIMEWTS 

In the  first  longitudinal  test  series, both one- and t wo-degrees-of- 
freedom  (pitching, and pitching ♦ horizontal  velocity}  runs  were maJe 
at  hover.    Trim difficulties and the observation sf nonlinear dynamic 
behavior led to s careful   Investigation of the  tall  rctcr  thrast 
characteristics.     It  was established  that  the  tall  rotor thrust  vs. 
collective characteristic  exhibited  a strongly nonlinear  shape,  as 

:•. 



can be seen In the uncompensated portion of Figure 18.    In the region of 
tero thrust, the slope of the thrust vs. tail rotor pitch curve was approx- 
iaately 3.6 tines smaller than elsevhere.    The width of this portion was 
not negligible; it amounted to 22 percent of the full range.    The model 
trim point under investigation required a tail rotor pitch that was near 
a rather sharp slope change; previously-observed inconsistencies and non- 
linear behavior could be attributed to this slope change characteristic. 
It «as established that the measured nonlinear thrust vs. blade pitch 
angle was a characteristic of the tail rotor and was not caused by some 
mechanical inadequacy.    The situation was remedied for the purpose of 
the test series by means of nonlinear compensation in the computer. 
The characteristic of the amplifier providing the input to the tail 
rotor collective servo was filtered in such a way that the resultant 
characteristic between the input to that amplifier and the tail rotor 
thrust appeared quite linear.    Figure 18 illustrates the nonlinearity 
before and after compensation by showing the distortion in tail rotor 
thrust when a constant amplitude triangular wave input is sweeping 
through the entire range.    A nonlinear behavior of similar character 
was observed on the full-scale tail rotor in the vicintiy of zero 
thrust. 

Some improvement in the linearity of the thrust vs.  pitch characteristic 
was obtained by "staggering" the blades so that only o..e blade had near- 
tcro pitch angle at a time.    Although thin approach improved the linearity 
of the characteristic t it also made it more difficult to compensate and 
was therefore abandoned.    As the final solution, the nonlinear compensa- 
tion «as combined with a 3-Hz sinusoidal dither with a peak-to-peak 
amplitude of approximately 3 percent of full scale.    This was necessary in 
order to remove the effect of small-scale nonlinearities which remained 
even after the nonlinear compensation was applied. 

In the course of preparations for three-degrees-of-freedom runs, the 
need for accurate thrust adjustment became obvious, since a small 
deviation from vertical equilibrium soon brought the model to the 
limit of its vertical travel.    A vertical velocity integral control 
was used in the vertical loop with the vertical velocity feedback for 
stability.    A tight vertical loop, however, would have interfered with 
the three-degrees-of-freedom motion, almost acting as a constraint on 
the motions.    Therefore, the tight vertical loop closure was used in 
constant-speed portions of the runs only, and before pitch release and 
the actual transient test.    In the standard test procedure, the model 
was first accelerated by the carriage to the trim speed; then the model 
was released vertically and horizontally, but not in pitch.    During this 
period, the vertical velocity integrator control established force balance. 
At the time of pitch release, the vertical loop circuit was interrupted 
but the integrator maintained the proper value for vertical balance. 
Inmeaiately after pitch release, the input was applied to the tail rotor. 

Ik 
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Various flight conditions were tested at constant speeds as well as 
in accelerating and decelerating flight.    Pitch attitude and rate 
feedback was used in all tests, and in most cases a pulse input was 
applied to initiate a transient.    The following gain values were 
obtained by careful calibration: 

Pitch attitude .295 V/deg 
Pitch rate .115 V/(deg/sec) 
Control moment  (hover) 1.1    ft-lb/V 

The moment of inertia was measured as J = 1.5^  (ft-lb) / (rad/sec2); 
the mechanical damping ratio in pitch was determined as C     u a  •015> 

, .  ,   . i •   j-un mecn which is negligible. 

The loop gain of the feedback loop closures was calculated as follows; 

Pitch attitude loop gain: 
i 

KA    = [pitch pot calibration] x [computer gain] 
15 V/rad KQ V/V 

x [control effectiveness] x [l/(inertia) ] 
1.1  (ft-lb)/V .65  (rad/sec2)/(ft-lb) 

Pitch rate loop gain: 
i 

K«    = [rate gyro calibration] x [computer gain] 
9     6.6 V/(rad/sec)        KA V/V 

x [control effectiveness] x [l/(inertia)] 
1.1  (ft-lb)/V .65  (rad/sec2)/(ft-lb) 

Ke a 10-7 Ke ;       K0 = h'1 Ke 

re K0, Kg are the feedback gains as set on the analog computer. 
L-scale K'  and K'  are from Reference  [f], K*  = 31.8 and Kl  = 6.1. 

6 6 9 6 

The corresponding short-period poles are -3.27 ± U.58 J.    The corresponding 
scaled response would have a natural frequency of approximately 3 Hz.   (For 
scaling information,  see Reference [5].)    No useful test data could be 
obtained from the model at such high frequencies.    Therefore,  it was 
decided to consider cc itrol gains for model time and to explore gain 
ranges including and close to low damping.    Characteristic longitudinal 
runs as identified by run numbers are shown in Figures 19 through 25. 
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Runs 2lU2,  2lU6,  2152,   and 2158 are two-degrees-of-freedom runs  in 
hover.    These runs map the margins in damping.    Run 2lU2 was consider- 
ed to be a desirable combination of gains  for testing in order to be 
able to detect  differences in the response due to parameter variations. 

Run 2179 shows  the unstable open-loop response in hover.     In this run, 
the tail rotor  control was inoperative,   so that neither input nor 
control was applied.     The smooth start of the transient is the result 
of careful trim adjustments. 

Run 2192 is one of the first three-degrees-of-freedom runs,  near hover, 
at U0 = 5 ft/sec.     Compared with Run 211+2,  only slightly lower damping 
can be noticed. 

In the course of preparations  for transition testing,  it was found 
necessary to provide a vertical loop closure to the propeller pitch 
angles ßs   (s for  "starboard")  and ßp  (p for  "port").    For this 
purpose, two-degrees-of-freedom runs   (vertical and horizontal) were 
made with the model locked in pitch in order to establish the necessary 
ß program.     In Run 220?  (Figure 22), the wing rotated from 90° to 50° 
in 15 seconds. ,  and the flaps traveled 18 degrees from 7^    to 56°.    A 
tight vertical  loop held altitude in the  first half of the run;  all 
collective angles   (tail rotor, port,  starboard) are shown as deviations 
A3 from initial values throughout this report.    The range was adjusted 
eil ways so that  the needed travel of blade angles would be within range 
for the various  experiments.     This way the  shape of the necessary 3 
program was established. 

Run 2225  (Figure 23)  was the first  successful transition in which all 
controls remained within range.    For accurate attitude control,   not 
only was the pitch loop stiffened using Kg = 5» but also an integral 
control was aided with a gain K      =1.     In this way, the tight loop 

Je , 
closures provided the proper 3 and ß^R time histories for this 16- 
second (50-second full scale)  transition with the flap program shown. 

Run 2227 shows  an 8-second transition with the same flap program. 
Notice that no phugoid-like motion can be detected. 

In Run 22^3, the pitch feedback gain was lowered to Kg = 1 but the 
tight vertical loop was maintained. Because of the looser control 
loop, the  3TR  input altered the transition noticeably. 

For Run 2250,  the feedback gains were lowered further to KQ =  .5 and 
KQ = 2.5.     Figure 2U  shows three runs at a  fixed point  in transition 
with the model trimmed at a wing angle of 60o.    At the beginning of 
these runs, the model was accelerated to,  and released at, 15 ft/sec. 
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The initially tight loop gains were lowered to the test gains after 
3 seconds, just before the input was applied. In Run 2253, the test 
gains were Kg = .7 and Kg = 3.5- Much oetter damping than in hover 
was obtained at this speed, as might be expected. For Run 225^, the 
gains were lowered by another factor of 2. The low damping of Run 2255 
resulted with Kg = .2 and Kg = 1. A tight vertical loop was maintained 
throughout these runs. 

The last three longitudinal runs are shown in Figure 25. Runs 2270, 
2273, and 2276 were made under the most difficult test condition: 
decelerating transition. In Run 2270, the model was released at 
29 ft/sec and all loops were tight all the way in order to establish 
the trim programs for the collective controls. It can be observed 
that both controls traveled their carefully adjusted full range 
during this transition. 

In Run 2273, the pitch loop gains were lowered after release to Kg = .7 
and Kg = 3.5, and then an input was applied; it is clear that the transi-
tion was much less under control than with all loops tight. Finally, 
for Run 2276, the gains were lowered by a factor of 2. A tight vertical 
loop was maintained throughout the decelerating transition runs. 

The test runs shown in Figure 25 indicate that tight pitch loop 
-control must be maintained, especially during the decelerating transi-
tion, even with tight altitude control, and even if the vertical degree 
of freedom is virtually uncoupled. 

LATERAL-DIRECTIONAL MODEL EXPERIMENTS 

For the lateral-directional model experiments, the XC-1U2A model was 
mounted on the "lateral carriage" described in Reference [8]. Prior 
to the feedback experiments, open loop tests were conducted. The 
results of these experiments are reported in Reference [9]. 

The analog computer described earlier was used to provide the loop 
closures. The voltage calibrations of the model variables yielded 
the following values: 

Roll angle 
Yaw angle 
Roll rate 
Yaw rate 

.32 V/deg/sec 

.32 V/deg/sec 
11.6 deg/sec2/V 
37 deg/sec2/V 

.22 V/deg 

.12 V/deg 

Aileron effectiveness 
Differential collective effectiveness 
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Because of the limited time available for the lateral-directional feed- 
back experiments, the scope of this test series had to be somewhat limit- 
ed.  A mid-transition configuration was tested at three steady speeds: 
at trim speed and at one higher and one lower speed, the latter two 
being representative of decelerating and accelerating fixed points in 
transition since in an actual transition the airspeed is always higher 
or lover, respectively, than the trim speed which corresponds to the 
wing angle at any instant. The wing and flap angles chosen were 
iw ■ U0° and 6f ■ 60°. The three test points were: 

Model velocity U0 (ft/sec) 
Full-scale velocity (ft/sec) 
Collective pitch ß (deg) 

Trim 
"TO- 

58.7 
13.5 

Decel. 
30.0 
9U.7 
10.T 

Ace. 
15-0 
1*7.3 
15.H 

At this wing angle, a differential collective input causes both rolling 
and yawing moments.    Therefore,    a cross-control from the differential 
collective to the ailerons was employed and the gain of this electronic 
link was a test variable. 

The feedback gains used in the tests were referenced to gain values 
which corresponded to full-scale feedback gains as obtained from 
Reference [7].    These values of roll attitude, roll rate, and yaw 
rate gains and the corresponding model gains calculated with the 
proper factor are given below: 

r 
(1/sec2)     (l/sec)     (l/sec) 

\\ KALÄ 

Pull scale 
Model 

3.3 
33.0 

3.3 
10.U 

2.0 
6.3 

The feedback gains used in the model tests were expressed in terms of 
fractions of these gains and are identified as lA f.s, 1/8 f.s., for 
example. The high gains which correspond to the full-scale values 
result in a ftable configuration. These gains, and a tight pitch 
attitude loop closure vith pitch integral added, were used at the 
beginning of free flight in each run after the model had attained 
speed and was released in roll, yav, side velocity, and pitch. 
After a few seconds, when the model was settled in its trimmed 
equilibrium, the roll nnd yaw attitude and rate gains were switched 
to their test values and a well-defined input pulse was applied. 
The tight loop closures were also used to establish the aileron bias 
setting which was to assure that the undisturbed model would move 
along the track, remaining close to the center of its limited lateral 
travel. 
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The three loop closures used in the test series were roll attitude 
and roll rate to differential collective and yaw rate to ailerons. 
In order  to establish the ideal cross-control gain from differ- 
ential collective to ailerons, the model was locked in roll. 
Differential collective inputs were applied in a series of runs 
resulting in various yaw rates depending on the cross-control gain 
setting.     The perfect value. Kg« = 0.18, was found by interpolation. 
Besides the perfect value, twice this value and zero were used as 
variations of this parameter.    Characteristic lateral runs are 
shown in Figures 26 through 31. 

Run kkö shows the tightness of the  control loops with the 1 f.s. 
gain values and perfect aileron uncoupling.    Because of the tight 
feedback loops the shape of the input pulse is followed by the roll 
angle with only a very small lag,  and no other transient motion 
occurs.     Run 1+^9 differs from the preceding one only in Kag = 0 
instead of 0.18; there is no noticeable difference because the 
tight yaw rate loop closure makes the control coupling ineffective. 
This is verified by Run U50, in which the yaw rate feedback was 
zero.    The pronounced effect of the control coupling shows in the 
ij; response. 

Run h6l  (Figure 27) was made with 1/U f.s.  feedback gain settings, 
and for Run 1*70 the gains were reduced further to 1/8 f.s.    Runs 
U71 and U75 are the same but with K o ■ 0 and Kao » 0.36 respectively; 
the effect of the Njfi control coupling is quite marked because of the 
reduced yaw rate feedback. 

Runs U77 and kid in Figure 28 were made with no roll attitude 
feedback and with reduced rate feedbacks.    Kl was 1/8 f.s.   in 
both cases; Kl was 1/1+ f.s. and 1/8 f.s.  respectively.    There is no 
marked difference between these two runs except that the reduced 
tightness of the roll rate loop shows somewhat in Run U78.    Kg 
was 0.18 in both of these runs.     In an attempt to excite the 
oscillatory mode, an aileron input was applied in Run U90 in which 
a large yaw rate gain (l f.s.) was used with only a relatively 
small Kl  = 1/k f.s.  for marginal stability. 

The runs described so far were made at the trim speed U0 ■ 18.6 ft/sec. 
The following runs were made at U0 • 30 ft/sec, corresponding to a 
fixed decelerating condition (Figure 29). 

Run 506 was made with tight roll rate feedback only (KA ■ 1 f.s.). 
This run again clearly shows that without yaw rate feedback the N^« 
control coupling has a very strong effect. 
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Runs 507 and 508 were made with the same reduced feedback gains of 
l A f.s. and 1/8 f.s., respectively, as were Runs U67 and U70 at 
trim speed. There are two noticeable differences. The damping of 
the dominant roll response is somewhat reduced but seems still 
quite acceptable, and there is a marked difference in the control 
coupling, indicating a significant deviation of N$„ from the trim 
speed value. 

Run 511 corresponds to Run 1+75. Run 516 was made with the same 
gains as run U78. 

In Figure 30, two runs with aileron inputs are shown both with 
the same gains but Run U85 at trim speed (UQ = 18.6 ft/sec) and 
Run 518 at the fixed decelerating condition (UQ = 30 ft/sec), 
with a marked Dutch roll mode being excited at the higher speed. 

The last group of runs was made at UQ = 15 ft/sec, corresponding to 
a fixed accelerating condition. Run 5^1 (Figure 31) is to be compared 
with the low gain (1/8 f.s.) Run U78. An increase in damping is 
indicated by the much smoother responses. The improvement was 
sufficient to produce a long run without hitting any stops. 

Run 5^2 corresponds to Run U77 with no marked difference showing. 
Similarly, Runs 5^3, 5^, 5^5, and 5^6 are hardly distinguishable 
from the corresponding trim velocity Runs ̂ 75, '+71, ̂ 70, and U67 
except for an indication of a somewhat more stable spiral mode. 

The comparisons of the fixed accelerating and decelerating 
conditions indicate the apparent destablizing effect of decelera-
tion more than a Stabilizing effect of acceleration. The most 
marked difference is in the cross-control coupling between 

trim speed and the deceleration condition. Deviations due to 
acceleration-deceleration can be diminished if large constant 
feedback gains are used. Adequate stability could be achieved 
with smaller gains if these were programmed to compensate for 
deceleration as well as airspeed effects. 

20 
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CONCLUSIONS 

1. The transition region of VTOL aircraft can generally be charac- 
terized by a lack of a short-period longitudinal mode. Such a mode 
can be created by applying attitude and attitude rate feedback. 
A short-period pole pair which remains in the vicinity of its 
desired location can be produced using constant gains throughout 
the hover and transition region. 

2. The feedback gains can be determined using an approximate 
stability derivative model for the transition region. Accurate 
knowledge of the often complicated behavior of stability and control 
derivatives in this region is not necessary for a satisfactory long- 
itudinal anc lateral feedback design. 

3. The problem of control cross-coupling from roll to yaw can be 
practically eliminated by using a high gain yaw rate feedback loop, 
so that artificial control cross-coupling may be unnecessary. 

U. Free-flying model experiments showed that tight loop closures 
must be used in decelerating transition in order to make the closed- 
loop dynamics relatively independent of the amount of deceleration 
used. 
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Figure 1.    Characteristic Roots of the Tilt-Wing VHR-UU7 
Tri-Service VTOL Aircraft. 
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Figure 2.    VZ-l* Longitudinal Stability Derivatives and Their 
Approximations, 

.\J 



\ 

r M 
T- 

.•#M. 

. 

I.. 
it* 

Jt 

a  > 

i-. 

n 
D 

i 

i 
— 

— 
i 

»-• 
L 
c 
x; 
t; 

T3  "O 

it t. 

at 
C    (' 

c o 
u. 

M 
-   A: 
t   c v.  r 

U    1 

.:. 



M 

U 

i    u 
*> o 
&** 

m 
•a c c o « — 

«-> 

•^ o 

<r Q. 

I? •»< •»< 
a. «a 

^^ 
-9   X 

N TJ 
>    O 

8t 
U 0 
Oi £ 
N CO 

c 

e 
t 
- 

a. 
o 
c 

(0 
> m 

v. J«: 

in A3 
£ "3 r :    : 
U 4J  £ 
6- U, ►) 

u u 

C^ 



I_ 
CD 

44 

q 

,1 

M 

o "ft-4 

o 
iCM 

o 
«0 

9 

^—4- CM 

00 (0 

O 

s 

o 

> 
•H 
P 
0) 
> 

■H 
u 
V 

cd 
C 

•H 

■H 

o 

w 

> 
■p 
a) 
> 

•i-i 

(U 

i) 

o 
P. 
o< 
cd 

m   en 
+i    +i 

en   on 
I      i 

ß 

w 
-p 
a 

o   o 

€       ^ 
ö 
o 

55 

cd 
c 

•H 

> 
•H 

cd 
> 

•r-l 

u 
-ö 

0) 
■p 
cd 
e 

•H 
X 
o 
u 
P< 
ft 
cd 

•r^ 
C\J 

en 
P> 
c 

•f-l 

o 
ft 

ed 
C 

•H 

^DO 

en 

H 
05 
> 

a) 

0) 

o 
u ft 

ft 
o 
^3 

i 

tn 
o 
.H 
O 

O 
•H 
U 
i) 

eu 
i 

■p 
^ . 
o -^ 
m 

+i 
-d 
0) C\J 
C I 

•H 
g-d 

ö 
d) a) 

4)   .f-3 
•d PO 
a) 
U +1 

on 
!H    I 
o 

a) u 
ß j- 

•H     I 
cd N 
O > 

s0 
.a en 
-d (U 
(U -d 
0) O 

LA 

0) 
U 

•H 

26 

J 



■■■ Nf . ■■- V^*"',VW 

'W 

■ ■   ■ !• - 

i 
i 

r \ :    " ■ 

.\   . .. 

rs i» «KM 
LOOT LOOT 
r HtMn • ' t 
A MtftAM   A 
♦ TSM/iM -i: ■ «*•** 

i     I 

(a) 

>»i 

b» 

tl 

Figure 6.    Transfer Function Poles for VZ-U With 
Fixed Pitch Attitude and Rate Feedbacks 
for Short-Period Modes near -3 ± 3j and 
-2 ± 2J. 

27 



tmims^^fSf,  . 

i« |o       1 
1 

Ö ü 

o 
p 

0 

i 
hl 

0) 

| 1 
1 

■ ^ 

8 
M 

> 

w 
> 

•H 
■P 
cd 

10 

> 
•H 
P 
R) 

1 
i- 
o 

•H > > u 
a) 

■H 
u 

•H 
u ■o 

> 01 i) o 
T) Xl •rH 

J -A <-"> 
0) 0) 

t5 p <£ 

(D ^          ~ 
r-J 
cd 
c 

et) 
S 

•H 
X 0 

.S1 •H 0 0 
u 

^ •r-t 
T3 

O cd eö 
(1) s . 

«i * *• 3 •H   -"5 
""3 ""3 —3 H B CM 
00 OO C\J 0) 

> 
+1 +1 +1 •p 

o 00 m CM 
C 

•r-i 
0)  C\J 

T3     1 

4 ^    1 g 1 

w 
c 

I 

w 
■p 
c 

p 
a 

Cu 
to 

P 

u n 
^ ä 

T 
i i •H 

a 
r-l 

•1-1 

a a 
X 
0 ns

  
fo

 
i 
 3

.) 

<& 0 *- 
0) 
c i ei 

c 
■H 

u •H on 
B)     1 
ü 

■ 

8 » Z 

E 
0 

< 
\ 

P 

u 
«S  CM 

4 00 1 
1 0)    1 

l 
l 

4 
1 
1 

1 
• 

4) 

j i 

W; i o 5) 
•H 

o a ) D                t D 6H 

cd ~ • 

28 

J 



lÖ* csT 

f 
N •? 

< - H 

"S 

r •— u u.  « s 
£ K 

—   « 
Di   C 

<v o 
PH 

02 

V.   t o z 

l| 
li 
■^ o 

&o 
— I. 
w o 

i M 

0    0 

t:  ^ 

— * 
o 
c -a   • 
£ 8 r: 

«  «^    I 

^^5 

a 
u 

29 



Of 

— ^ :P ■• i 

At 
•S,«' 

QU-^. u 

HA 

*  * fr 

Figure 9.    V2-U Lateral-Directional Stability Derivatives and 
Their Approxioations. 

iO 

I 



31 



M 
IO 
1 -

CNJ 
T ~ 

s. 

e < 
* * 

* - - ^ 19S 

• 

r 
....... 

-i— i;—-—f-

® < v B 

I IP I 

€SJ I 

t < 

! I 

p 
•rH 

i—I 
<D 

T3 o s 
<D 

-O 
ctf 
S 

•rH 
X o 
S-. • 
p. <D 

TJ < , O s 
-d" 

I UD 
IS] C > •rH 

rH 
CM rH 
O O 

(X 
C 
O p 

• H c 
P ctf 
O C 
c: • H 
p 6 

P*H o 
Q 

CD 
CM CD 
W C 
C •H 
cd 6 
SM u 

EH 0 
P 

I—I <D 
O 

CD 
P SH c CU 
o o 5M 

O 
—I QH 
•—I o T3 
X CD 

•M 
o rH 

- p a 
PH 

<D < 
rH 
bC 
C • j < & 

r—i "d 
rH c 
o CD 

X. C*H 

HO 
•rH 

32 

'i 
V 
I 



4Ü 

• 

20 

n 

• 

90 100 
ft/<MC 

40 

20 

150    0 SO 100 
■*> 

ft/MC 

a.)-3±3j 

90 f»/^100 

b.)-2±2j 

^o 

Figure 12. Roll Angle and Roll Rate Feedback Gains for 
VZ-^ Approximate Model, Calculated for Pre- 
determined Dominant  Rolling Mode. 

33 



\ 

•4 Zt t*~ »M   m > m 

21 

s 
(a) 

«I 

3^ •««- ^» i  ■ mm 

Si 

lit 

(b) 

Figure 13.     Closed-Loop Transfer Function Poles and   Zeros for the 
VZ-h With Roll Angle end Roll Rate Feedback Gains 
Determined Using au Approximate Model,   for the Dominant 
Rolling Mode to be Near -3 ± 3J  and -2 t 2J. 

3h 

i 



■p 
to 
c 
o 
Ü 

x: 
•i-t 

-3- 

> 

o 

W 
o 

S   " 
u m    a 

H 
O    " 

rH 
a o 
O K 

•H 
■P   o 

c 
&   OJ 

^   ■ 

ai 

(0 

O 

i)   O 

  0)     I 
PS    W 

ca 
5 

JH   U 

0) 
u 

35 



«♦ L—•-—r 
^-ao 

40 

20 

0 50 100 180     0 
fl/MC 

90 100 
n4«c 

«—• 
^0 

h- 

-10 

20 

10 

90 100 
M/ttc 

a.)-3 ± 3j 

190    0 90 100 
ft/IM 

^o 

Figure 15. Roll Angle and Roll Rate Feedback Gains for VZ-^ 
With Tight Yaw Rat^ Loop Closure, Calculated for 
Predeterinined Dominant Rolling Mode. 

36 



-e- -*. 

w 
a 
o 

o 
CO 

-Q 

1- 

01 

CO 
c 
o 

■i^                    •H 

*■        i 
Q 

1 

< 
^mm                 H 

cd 

»T— 
cd 

tM      O 
0     In 

eo 
w 

«0 
a o 
bO   1 
cd   w 

•H   tn 

—^2) 0i.— 

F
ig

u
re
 

1
6

.  
   

B
lo

ck
 

D 
an

d 
 C

ro
 

37 



T- —I— ZL—3L 

4 

o 

I 

|H 

-»•? 

I 

c 
1 a) 

■P 
en OJ 
C 
O   II 
O 

•■3- 
Ä « 
+J 
•H    C 
S  -H 

cd 
-^ Ü 

SI » 
>    CJ 

aj 
<w   ^3 
O  T) 

0) 
M    0) 
o fo 
fn 
0)    (U 
t^   +J 

cd 
X)  PS 
c 
CO   > 

CO 
to >- 
(Ü 
H  +J 
O   C 

PL,    (Ö 
-P 

ö  tn 
o  ß 

•H   O 
■P u 
u 
C   Td 

(S  a) 
SH OJ      • 
0)    •   c 

4-(         o 
W    II    -H 
a      -p 
Cd      U-H 
U    cd ca 

W   O  EH 
a  U 
O  -P   +J 
P< Ö   3 
WOO 
OJ o -d 
«    1    bO 

M    ^3 
rH    W    O 
H   O   JH 
O   ^  Ä 
K O  EH 

(1) 

3 
bD 

38 

I 



> 

V- 

n 

m 
a 

o o 

fi 

V 

C\J 

rH 
I 

Ü 
X 

o 
Ü 

•H 
■P 
CO 

•H 
U 
0) 
-P 
O 
a) 

■p 

iDvnoA indNi 
dOlOd IIVI 

0) 
■p 

CO 

c 
V 

o 
c 
D 

isnuHi doiou iivi 

> 
■p 
to 
3 

o 
p o 
05 

•H 
aJ 

o 
c 
o 
•H 

P 
to 

H 

•H 

39 



V'AOl'O 

O   r.   r>   o   O 
ci   ■ —   l\J 
+   •;■ i    i 

w.oi 'o 

-r 

11 
o  c>  c> o r> 
-?•    ■!■ I     I 

o   o  o  o o 
V    PJ M   's' 
+   •:■ II 

c^   o   o   o   c; 
4     4 II 

O    'T    O    IT>    c 

+   •:- i   T 
UJD/ ccr'TiOG'"1! 

^w 
to   |0   o   '•■>   o 
II        + 
W'</Br l \ 

+    -1 II 
U'n/.-»! 3A02') 

ID    K>     O     f"     ip 
I        I ••■       •' 

LA 

OJ 

II 
QO 

• CD   U\ 
Ui       rH 

CM 

U~\ 

CD 

3 

CM 

•03    CM 
Ü        LA 

OJ 

CD 
id 

•CD VD 
Nd 

rH ^ CM 
H 

C 
II ^ 

P5 
CD 
^ 

LA 

II 

•CD     CM 
W   -a- 

—i 
<■     CM 

c 
n     3 
CD 

u 

o 

H 
0) 

CM 
-S" 
—I 

I 
CD 
X 

■p 

c 

I 
a; 

£ 
i 

CH 

O 
I 

CO 
0) 
OJ 

& 
0) 
Q 

I 

En 

cd 
C 

■H 
t3 

-p 
•H 
bD 
C 
o 

H 

OJ 

no 
•H 

I":'/. L V 
jnci'i iPT1:.- 

UO 

I 



C\J 

 j.  i   I .,., j —  :       i     ;   l   !   ! 

->   o   o   o   o   O    a a   s,-  VJ 
>   /  .)  .M  - .   •:•   -i-   ■:• I 

'/.'■i •  / oi''2 -/,2'Vv 

 j 1—. :—i-   I—i—j—U- 

■—j—'—•—i—i- I   i   i   : 

o 
o 
^ 
o       o 
O ') 
V? I ) 

> 
o 

•»     OJ 
3    rvj 

CVJ 

I 

X 

o 
c • 
O JS 
•H O 
+J +J 
•H -iH 
tn cu 
c 
et C 

• ,* 
CM O 
CM O 

»-3 
(V 
^ rH 
SO) 

-0 
■H O 
&. s 

o  n  o  o  o 
W       - —    <M 
-I     ■!■ I      I 

uio/oas/oOE'ö aiD/sBounor uuo/oav„3' 
bD S) t) 

•H   Oi   o 
fe Ö S 

- ^ .     .. _ 
o 

ay^-.AOS'O 

o 
si 

I 

CM 
-3- 
H 

rH   O 
cd  X 
a 

■H    <M 
x)  0 
3 

■P    OJ 
•H    W 

p. 
0 ON ö 0    • 
0 t- 0 & u 

J3 H J   tn   0) 
OJ a   > 

C «   0 
0) c 33 
ft 3 O    U 
0 DS 

F
i
g
u
r
e
 
2 

O
p
e
n
-
L
o
o
 

M
o
d
e
l
 
in
 

1^1 



.miLLiUl   H-frtt^d ' !     . -1 hf -h -t-i-fi ■ i i 
r:::::::::- __ ̂

^ 
tf   -7 fcr^d   tit _ ^± 

j:::::::::-:: mP _L. -      i  i-rzl - m» — 
H ^  4 r::E XL.   .  .J2L-    .^^4 - -UM l:::: ::::&:: —^t- rL -i J! ,. .11 i       i 

'^tX- 

— 

-t-- --J— 
-j4 ■ —— Wi t=m S 

|iB| 1 tM  (—L 
 H- 

l ■ ■" — - r; ? 1 
:^|||-j^^ ÄÄ 11    Ml 

33 -. M Eil 1 
8 9 © 2 ß 
+   +       ,II 

wo/oor© 
I     I 

in   o 
+ 
uio/crpuLO c'1'1! 

)     > 

o 
OJ 
to 

C 
o 

u 
En 

CM 
C\J 

i" V.,01 '*! 
■;■   •: l    l 

wo/a- ,';.ir,':ii 

0) 
OJ 

o 
w 
0) 
<u 

0) 
Q 

a) 
c •ri 

-p 
•H 

§ 

o  o   o  o  o 
I >      T      I )     OJ      — 

■v.oi'.'g 

n  o  ii  <o  f. 
i         +    i-   -f 

o  o  o  o io   i)    N 

UJ3/uc'tat/V '"i/. 01 

MOM 
!•    + I 

Ü 
0) 
w 

Ö 
o 

■p 
•H 
m c 

OJ 
CM 
OJ 

a 
K 

H 

OJ 

H 
I 

U 

O 

[0 
C 
o 

CO 
ß 
cd 

oo 
oj 

U2 



1^ 2 0 2 S 
-!■    + .1      I 

I   I 
(O    O 
I 

lJ3/,t,UAtfV 

(O    4-    <M   O    OJ 
+    +    +              ! 

O    ♦      )    .'I      ) 
10    CM    —    — 

wo/.z'Oc'V uj3/3?j/};o"n 

CVJ 

C   II 
o O 

•rt   •<!> lA 
■P UJ OJ 
•H OJ 
0)      •> 
C ir\ c« 
(0     • 
u 5 

EH   II 
CD 

« 

§ 

■p 

I 
on 
CM 

8 ° 0 9 ß 
-I-  +,     ,1   I 

o vn 
H -* 
P <M 
H OJ 
CO 

S § 
.^ « 

'la/aC "uiyv I'lo/.g'^v UI0/08.VM9 ■« 

^3 



S 2 0 2 S 
+ +      ,ii 

i^J  o <x>  io  o 
Jill 

^r  PJ  o t^i  f      o «■ f ci  o o 
+   + i    i 

i'io/^'Ov uio/ocväJO  '' 

II      IA 
CO 

• a? <M 
W     CM 

(AJ       3 

03 

UA 
r- 

II LA 
CM 

• CD  CM 

lA 
00 

o 

on 

II 

•CD 

IA 
rj 
CM 

a 
3 
K 

CD 

c 
o 

W 
c 

c 
■P o 
C -H 

■H -P 
O -H 

c 
73 O 
0) u 
X 

•H   tD 
hi   C 

•H 

cd   cö 
in 

H 0) 
0)  H 

O V 
S O < 
CM 
-st C 
H cö 

I 
O DO 
X c 

•H 
4-1    p 
O   «J 

i tn 
i) 
to 
c to 
o 
Cu   " 
w  o 
01   OJ 

cc  w 

1-1 -p 
a! =M 
c 
•H  CC 
tJ --I 
1 
-3  ii 
•H 
hD   O 
C D 
0 
J   " 

Ü b 
•H O 
B 
cd  n 
c 
>. > 
Q .H 

-3" 
'CM 

0) 

l+i4 

J 



,. ,„, -■ • v 

S 2 0 2 ß 
+   +       ,ii 

u»a/,oi'fJ 

IO    (0   0)    CJ 
+ + + T 

WV.fi'"»V 

CM    O    N 
♦■ '       I        I 

•Juo/.z'Vy uio/ats/yg'9« 

Lr\ 

II 

!KJ CVJ 

ir\ c 
on 3 

CD 
id 

c 
o 

8 5 0 ° S 
+  +       .ii 

ro   o   K)   *o  o> cvi 
1 +   +   +   7       + 

ui3/3at/W9,9n 

o o o  o o o 
*  in «o   h-  «o   <n 

<D    If}   O   tO   10 
1       1 i-    -1- 

uia/.E'^V 

«f    N    O    W 
+     + I 

UI3/0E'dtfV 

O    O   O 
IO    V   W   M    - 

wa/.Ol' lig 

o o  o 

oo 
ii rn 

S>d OJ 

- c 

03 

CO 

o 
o 

c 

EH 

bo 
c 

•H 
■P 
0) 
IH 
0) 

rH 
0) 
o 
(D 
Q 

o 

I 

X 

o 

0) 
EH 

c 
•H 

3 
•rH 

o 

CM 

0) 

^ 



^2 o 2~i 
•   i      + + 

00    V    O    *    «0 
II        +  + 

6»p '♦ 

f 
f 

g 2 o o 8 
ii     ♦ ♦ 

7T 

Bap'4 

CM    -r   0    T   W 
I      ' +    + 

tö ?5 

o 
II 

o 

QQ 
CO 

cd 
bd 

-6»p^ 

O   ♦  • 

fttp'^ 6*p^ 

OM/U 'A 

? T ^ T ? 

H 

O 

II 

oa 
n) 

CM 
I T 0 ? 

9M/|| '* 

O 
ir. 

c 

a I 

C 
3 

(K 

O 
-P 

hD 
C 

•H 
x) 
c 
o 
p. 
M 
0) 
y, 
u 
o 
o 

w 
c 

•H 
a) 

AJ 
o 
a) 

•d -^ 
(D   a 

Ä  -p 
■P tH 
•H 
S MD 

M CO 
OJ H 
M 
a II 
o 
ft  o 
w D 

«   " 
o 

H  O 
a; MD 
n 
0 n 

CM 'O 
_^ 
H     " 

1 o 
o o 

c 
o 

•rH 
+J 
o 
<v 

•H 
Q 

I 
r-H 
fl) 

p 

,3 

4) 

rH 
a) 
> 

ro 

u 

•H 
1.. 

1*6 

1 



on 

d 
ii oa 

a 

in 

co 

w 
C 

•H 
a) 
O 

o 
II 

a) 

w 

CO 

c 
•H 
a) 
ü 
00 

o 
II 
CQ 
a) 

t- 

c I 

-3- 

M 

V( 

CX) 

rH 

m 
a 

•H 
cd 
Ö 

CO 

o 
"«1 

o 

8 2 0 2 8 
i   •      ■•• + 

3M/6tp *♦ 0M/»| *A 

-3- 

a 
•H 

n5 

cc 

0 o 

II 

ß 
•H 
a) 
Ü 

>J 
o 
aJ 

<u 
OJ 

Id 
OJ 
a 
-ö 
« 

w 
c; 
w 
c 
O ft 
0) « 

a» 

^^ 

CM O 
-* 4> 
H W 

I ^ 
O +> 
X <iH 

0) • 
Ö 00 
O H 

•H 
■P II 
O 
0) O 
U D 

•i-t 
Q - 

u 
V II 

■p 

Si •o 

t- 

ii? 



s 

0 o o o o w   -        — w 
1 I       + + 

09S/foP > 

00 
I 

<t o 
I 

t    00 +   + 
6»p '♦ Dap * 088/Jj 'A 

5 
I ) 

0 o o o o 
W    — —    <M 

1 I       +  + 
oet/bsp '# 

(D    ^-    O    *    00 
II        +  + 

68p '♦ 

00   «   o   4-   00 
II        +  + (M 

6ep'* 08S/J|   A 

5 
I 

i 

> 

8 2 o o g 
II      + + 

ooi/Bep '♦ 

oo   «-   O   ^   00 
II        •♦•  + 

CD   *  o   *t   a> 
II        +  -f 

b«p '♦ bop •♦ 

us 

<M    T    O    x    N 
I    '       +  + 

oes/jj 'A 

o 
•   -0- ON 

-    c 
--1 

• -e- co 
w    I— 

tfl 

CO 

II 

c 

-> 

CO 

et 

H 

-l-j 

>> o 

C   <r- o ---- 

0 'sO 
cd     • 
,0 03 
•d   -H 
o 
1 II 

o 

K ü o 
Ä vc 
-p 

0) 

CO 
o o 
ta 
0)    II 

0 00 
S   H 

OJ  o 

I 

X 

1 
c 
o 

rH CJ 
C^ i 
*. . n 

r^ G. UJ 
r- 4-^ o 
-3 nl ^ 

J U 
a 
d 
K 

00 
OJ 

a. 

b. 

J 



/ 

I 

«o *■ o  * « 
ii        +  + 

6»p '♦ 

CO    «•   O    *   «0 
II       + + 

69p ** 

Hi 

s 

0 o o 
CVJ   - 

1 I 

o o 
—   N 
+   + 

oos/Oop '+ 

a>  t  o 
i    i 

oo + 
00 

I 

C 
O 

•H 
fJ 
•H 
"T 
C 
O 

j> u   ■  / r M 
{ CO c 

.—1 ■H 
L ■ -P f o cti 

\ 
J- 

II d 
c m 
c CQ a1 

\ rt a 
j t^ 

Q 
i *« 

o --, 
\ w Lf\ C 

X 
% CM c 

3 Ix, 
< •J- K 

cti 
j rH 

■p 
5 CO CO 

t * *"- L   c 
oi T 0 ? CM •H tn 

1 + cd (Ü 
o w 

»•S/W '* 

/ 

i o 
II 

CO 
\D 

ö 
0 
PH     • 
m ^^ 
OJ   o 
K    0) 

CO 

f.     - 

0 
S O 

oo 

.-?    II 

1      0 

X 

-1 o 
CO   O 
C vO 
0 J CH] O 

LA 
•H    11 
-p f 

1 
c 

D5 •H        *• 
j • -e- Q 0 
) ^ 1   o 
C •* Cti 

s o ^    II 

1 f 0 T (M + 
II 

Sep '♦ ßep '4 oes/{j 'A ui 

CJ 

0) 
in 
3 
UC 

•H 

U9 



o o o o o 
ft    — —CM 
II +    + 

0GS/6ap 'i Bep '♦ Cop *♦ 

CJ    -r    0    T    ^ 

CO 

CO 

O 

VD 
.-H 

-e- 

8 ° 0 2 8 
i.i       + + 

oos/6op '* 

I    i + 
CO + 

♦   CO 
+ + 

•68p *♦ 6sp '♦ 

\D 
r^" m 
5 d 
? ii % CQ s a) 

} Ui 
'd 

C.^ #i OJ A»^ • rH 3 \ w rH c 
■<L       ■   ■ • \J~\ •H 

\ ..'. f« 
C c 

y CO 3 0 \  
rH 

1 

K o 
CJ    T   O    T CJ 

1      '             + + 1 

Ch 
008/W 'A C 

■H 
cd 
O in 

M) 

8 2 0 2 8 
II      + + 

oos/ßap 'f 

*   O    *   CO 
I        + + 

Bop '♦ 6op *♦ 

CJ    -r   0    T   W 
I      ' +    + 

OOS/JJ 'A 

CO 

O 

CQ 

tu 

00 

Ö 

cd 

oc 
o 

c 
5 

50 

J 



o 
o 

OM/U 'A 

o 
I i      + + 

308/D9P *# 

K5 

O 
O 

9M/M 'A 

u 
0) 03 
m 1 4J CO 

V! H c 
U^QD M 

o --1 
on (^ • ß ^ o o 
n cc h 

II <1> 
o H 

3 <n 3 
O 

«H •P 

CO to • 0) 
<M CO 

Ö 
OO o 
H 

1 

M 

K 

■s- H 
« 

^ 
#1 

• S 
M • 0,1 

<M 
H 

-* 
c!> 

CJ rH X 
<u 
to 1 H 

+J • -e- § 
«i-l l^ « O 

00 •H 
vo -d- r* +J 

o O od c (U 
H (2 n 

•H 
II 

^ ^ 
D0 

4) 

• 
o 
on 

51 



5 

> 

c Jö o o o 
CM    — —    W 
II        +  + 

303/69P '^ 

«0 ^j- o f «o 
II       + + 

»-•*"V 
I    I 

*   00 
+ + (M 

I 

69p '♦ 

T 0 T 
098/W 'A 

(M + 

I 

o o 6 o o 
CM    — —    CM 
II +    + 

09S/69P '♦ 

7 

o o  o  o o 
CM    — —    CM 
II +    + 

o'r./bop '$ 

o 
II 

OQ 

w 
CM 

CO 

CO 

nn 
-rr 

K 

id   -x 

m 
CM 

CO 

c 

CO 

en 

CM 

00 

rH 

I 

IA 

C 

o 
■H 
-P 
• H 
Ti 
c 
O 
U 

W 
r. 

l> 
H 
i' 
ü 
o < 
id 

x 
■rH 

-P 
cd 

tn 
<D 

ß o ft   • 
w --- 
0!    O 

05    0) 
w 

H ~-^ 

Xi   'w o 
H 

CVI 
J-    II 
H 

I        O 
O  D 
X 

HO 
cd o 
C MD 
O 

•H     II 
■P 
U       CM 

P c 
I  o 

cd 
>H      II 

cd 
►J ■ 

Dop ** •D9p'* 09S/|| 'A 

52 

4 



«0 

: 

I 
_^ I 

<r 

8 2 ° 2 8 
•   i      + + 

oas/6»p '* 

r a» <r  o  *  oo 
i    i        +  + 

69p '* 

»  *  O   ^  oo 
ii +  + 

■6ap '4 

W   -r   0   T:   ^ I   '       +  + 
OM/U 'A 

ro 

c 
!l 

CD 
Cti 

fcd ^ 
-^ 

f LA > 
M Ü • 3 

'+-, K 

n 
c 

o  o  c )    Ö    Ö 00   * 
CJ    -             -    CM 

"       1              +    + 
38S/6 ap'f 1 

3g 
-—(-i- j 

'-f-+-t-t-H 

*   » 

öao ** Bap > 

<Vi    T-    o    x    «* l     ' +   + 
D8S/U 'A 

oo 
H 

o 
II 

en 
03 

^ 

c 
cd 

LA 

c 

XI 
(U 

ß 
•H 
-P 
c 
o 
o 

hfl 

o o  o  o o 
CM     — —     CM 
II        +  + 

0SS/69P '^ 

O   ♦   «0 +  + 
Bsp '* Bop •♦ 

CM 

77oT.       g 
cd 

'-5 

O 

II 

QQ 

LA 

C 

30S/JJ 'A 

53 



LITERATURE CITED 

1. T. A. Dukes, J. M. Carballal, P. M. Lion, Some Dynamic Aspects 
of Stability in Low-Speed Flying Machines, U. S. Army Trans- 
portation Research Comnand, Fort Eustis, Virginia, TRECOM 
Technical Report 63-56, Nov Tiber 1963. 

2. D. McRuer, I. Ashkenas, D. Graham, ftircraft Dynamics and Auto- 
matic Control, Systems Technology, Inc., August 1968. 

3. G. Beppu and H. C. Curt iss, Jr., An Analytical Study of Factors 
Influencing the Longitudinal Stability of Tilt-Wing VTOL Air- 
craft , U. S. Army Aviation Materiel Laboratories, Fort Eustis, 
Virginia, USAAVLABS Technical Report 66-53, July 1966, AD6U09I+5. 

k.     R. A. Curnutt and H. C. Curtiss, Jr., Comparison of Longitudinal 
Stability Characteristics of Three Tilt-Wing VTOL Aircraft Designs, 
U. S. Army Aviation Materiel Laboratories, Fort Eustis, Virginia, 
USAAVLABS Technical Report 66-6i+, September 1968, AD66T983. 

5. H. C. Curtiss, Jr., W. F. Putman, and J. V. Lebacqz. An Experi- 
mental Investigation of the Longitudinal Dynamic Stability 
Characteristics of a Four-Propeller Tilt-Wing VTOL Model, 
U. S. Army Aviation Materiel Laboratories, Fo.'t Eustis, Virginia, 
USAAVLABS Technical Report 66-80, September 1967, AD6638i+8. 

6. E. Martinez, A New Facility for the Study of Aircraft Dynamics, 
U. S. Army Transportation Research Command, Fort Eustis, Virginia, 
Project No. 9-38-01-000, TK902, July 1961. 

7. M. E. Shields, H. F. Stahl, and G. T. Upton, Estimated Flying 
Qualities, XC-lh2A  V/STOL Assault Transport, Ling Temco Vought,Inc., 
Vought Aeronautics Division, Dallas, Texas, Report No. 2-53310/ 
i+R939, May 196k. 

8. R. P. Boyden and H. C. Curtiss, Jr., Investigation of the Lateral/ 
Directional Stability Characteristics of a Four-Propeller Tilt- 
Wing VTOL Model, U. S. Army Aviation Materiel Laboratories, 
Fort Eustis, Virginia, USAAVLABS Technical Report 68-19, April 1968, 

9. W. F. Putman, An Investigation of the Lateral/Directional Dynamic 
Stability Characteristics of a Tilt-Wing V/STOL Transport Model 
in Simulated Low-Speed Descending Flight, U. S. Army Aviation 
Materiel Laboratories, Fort Eustis, Virginia, USAAVLABS Technical 
Report 69-^6, July 1969, AD85980T. 

5^ 

/ 



Ilnrlastif ip.l 
8«curity ClglriBcttipn 

DOCUMENT CONTROL DATA -R&D 
(Smeurtly etmatlllcmHon ol tilt», body ol mbtlncl mnd tndmlnt annotmflon mu*l bt mlmnd whmn Ihm ovrmll npotl I» elm»mlU90 

ORIGtNATINC  ACTIVITY (Cofpofmlm muthor) 

Ucpartment of Aerospace and Mechanical  Sciences 
Princeton University 
Princeton,  New Jersey  

u. niPORT «icuniTv CLAMIFIC/.TIOM 

Unclassified 
ib. anouP 

>    «IPORT   TITl.t 

IttDBACK CONTROL OF VIOL AIRCRAFT 

4  Dt»cm»Tive norm* enrp* ol npotl iid Incliutr» daf) 

Final Report 
». AUTHOrill (Whii «MM, mlddlo Inlllml, Imtl nmmo) 

Theodor A. üukes 

*   «POUT DATC 

April  1970 
7«.   TOTAL  NO. OP PASIt 

67 
lb.  MO    OP RIP* 

M    COMTNACT OR SRANT NO 

DA 44-177-AMC-47(T) 
fe.   PROJECT NO. 

Task  lF162204A1423i 

M.  ORiaiNATOR'l REPORT   NUMBtRIO 

USAAVLABS Technical Report 69-96 

•». OTIIIR REPORT NOIII (Any odiot nimhorm tmlmf I 
Olio roprrl) 

This document is subject to special export controls, and each transmittal to foreign 
governments or foreign nationals may be made only with prior approval of U. S. Army 
Aviation Materiel Laboratories, Fort Eustis. Virginia 23604. 
II. fUPPLKMCNTARV NOTES 11. IPONIORlNa MILITARY  ACTIVITY 

U. S. Army Aviation Materiel Laboratories 
Fort tustis, Virginia 

l>. <.aiTRACT 

The behavior of poles and zeros characterizing the longitudinal dynamics of VTOL air- 
craft in transition is analyzed and discussed.  In feedback design, it is desirable to 
create a dominant attitude response mode which is separated in frequency and varies 
little throughout the transition. This investigation nas demonstrated that this goal 
can be achieved at fixed operating points in transition without accurate prior knowledge 
about the behavior of the stability and control derivatives during transition.  Ir. the 
longitudinal degrees of freedom, pitch attitude and pitch rate feedback were used. In 
the lateral-directional degrees of freedom, the same goal was achieved by using yaw 
rate, roll angle, and roll rate feedback. The gains were determined by an approximate 
procedure. Longitudinal and lateral-directional experiments were performed with a 0.1 
scale model of the XC-142A tilt-wing VTOL aircraft. Pulse responses of the free-flying 
model are presented. In the longitudinal tests, accelerating and decelerating transi- 
tions were flown with the loop closures provided by a small analog computer. The 
lateral-directional tests were conducted at mid-transition at a trim velocity of 18.6 
ft/sec. Tests at speeds of 15 ft'sec and 30 ft/sec were conducted representing acceler- 
ating and decelerating fixed points in transition, respectively. In these tests, the 
cross-control gain from differential collective to ailerons was used as a parameter in 
addition to the feedback gains. The results indicate that a tight yaw rate loop closure 
makes artificial control uncoupling unnecessary. A pronounced destabilizing effect 
occurred in the decelerating condition. In the accelerating condition, a more stable 
spiral mode was apparent. 

f\M      MM      «   .4 "f 4       ■■PLACKOr POMM i«T*.   ■   4>N •«. »M1CM I« 
W   t MVMI^» /O      »••Ot-CTI POR «HMV U*>. Unclassified 

Kcüffiy Claaalflcattoa 



fccutlty CUi«l7lci icallon 

K(v mono» 

VTOL Aircraft 
Feedback Control 
Transition 
Pitch Attivude 
Attitude Rate 
Lateral-Directional Feedback Loops 

Unclassified 

1 


