ANALOG COMPUTER PROGRAMMING OF HOVERING VTOL
DYNAMICS PART 2: EXPERIMENTAL MECHANISMS AND
COMMENTS ON MANUAL CONTROL

Nicholas M. Karayanakis
University of North Florida
Jacksonville, FL 32224

Introductory Analog Simulations

We begin with the two-dimensional hovering
task of a hypothetical VTOL vehicle having one
or more powerplants generating a resultant
normal fixed thrust force Tr so that the vehicle
hovers in reference to a ground plane at a
specific attitude. The vehicle is controlled by a
translational control technique in which a
specific body attitude results in a translational
motion. Motion along the X-path (back/forth) is
achieved by introducing control input &y that
makes the vehicle rotate by a pitch angle 0, thus
tilting the (fixed) thrust Tk which resolves into
a horizontal component Ty and a vertical
component Ty.

We let Ksg = Msg/lyy, the pitch control
sensitivity, Ks, = M;sp/lxx, the roll control
sensitivity, and K, = K¢y = g/m. Then, the two-
dimensional hovering transition problem (for
small angles) is described by the following two
systems of equations.

6 = K,;,03, (192)
X =K,0 (19b)
And

¢ =K, 5, (20a)
y=K,o (20b)

Therefore, the transfer functions of the system
are:
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Figure 1 shows the analog mechanizations of
the system. As is, the vehicle is a pilot’s
nightmare. It is impossible to fly it, because
control inputs result in continuously growing
departures. The departure mechanism must be
understood because it exists, at least in part, in
most VTOL situations. An input step function
integrated once results in a linear ramp during
the duration of the input (constant rate while
input is present), followed by constant position
when the input zeros. Integrated twice, the
input step function results in a quadratic
increase (constant acceleration) for the duration
of the step, and a linear increase (constant rate)
when the input zeros. An input integrated three
times results in a cubic increase (constant rate of
the rate of change of acceleration, that is,
constant jerk), followed by a quadratic increase
(constant acceleration) when the input zeros.
The fourth generation implies that control input
must be the fourth derivative of the output; thus,
we are asking the controller to perform the
impossible task of generating the fourth
derivative of an infinite-amplitude signal. This
was the case in some early “flying platform”
experiments in which a person was situated on a
powered-fan platform, tempting fate by using
body weight shift for tilt control in both axes
(see,[10,29,30,31]). From a transfer function
perspective, the system has a fourth-order pole
at s = 0 (Equations 21 and 22), where the four
cascaded integrators make the denominator
vanish. As a result, any input excitation
(controller action, noise, or both) induces a
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continuously growing response in output (see
[1], on the stabilization of an unstable plant and
[16] pp.278-280). We strongly recommend the
excellent article[20].

Ideally, a specific control input induces a
specific body attitude which, in turn, causes a
specific translational motion.[18,23] The
translational motion must be arrestable by
merely neutralizing the control—a temporary
control input should not result in a continuous
departure (read also [35]). Here, we will make
an attempt to alter vehicle instability by altering
the dynamics of the system itself. We wish to
modify the natural frequencies of the system so
its response time will change and reduce the
sensitivity to both controller and ambient noise
inputs. Negative feedback comes to mind, so
we add the two feedback loops shown in Figure
2. The system’s new transfer functions are:

X() Sl (23)
5,(s)  s*(s’+as+bK,)

K, K
Y(S) — S 9 (24)

S, (s) s2(52+cs+d K(p)

according to the block diagram development
shown in Figure 3. The system has four natural
frequencies: two equaling zero, the values for
the other two depending on the parameters (a,b)
or (c,d). The vehicle no longer exhibits constant
departure responses but a manageable
exponential decay response. There are, of
course, many more ways to improve our
aircraft. The beauty of the process includes the
apparent absence of limitations as to our
creativity, the benchtop testing of our ideas as
they occur, and the synthesis of the many
techniques involved.

An important issue is the choice of variables to
be monitored by the pilot. In experiment design
this can be a source of trouble. Working with
do/dt and dO/dt gives a phase lead of 270°,
monitoring d’y/dt* or d*x/dt* gives 180° of
phase lead, and signals dy/dt or dx/dt provide
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90° of phase lead. There are also the angular
displacement (¢,0) and the Ilateral and
longitudinal position signals (y,x). Mixing
approximately weighted and well-chosen signals
in a single display appears to be the best
solution. This, however, is another long story.

A Final Analog Simulation

The third and final analog computer program
is structured according to the equations by
McLean and Naseem[24] wused in the
investigation of a simple sub-optimal on/off
flight controller for a VTOL aircraft (see also
[11] for work on the effect of stabilization on
VTOL aircraft hovering flight). Equations (16),
(17), and (18) from part 1 of this paper are
simplified and modified by letting the inertia
terms Ix:lyy:I, = 1:2:3, which cleverly reduces
two inertia term coefficients to unity, leaving
the third term [(Iyy-I«)/I,] = 0.333. The
stability derivatives are:

Lop/Lx = 0.2 L/l =-2.8

Mig/lyy = 0.2 M/lyy =-2.8

N/l = 0.539 Ny/1,, =-0.656

Ly/Iix =-4.0 My/lLyy = - 4.0
These are somewhat arbitrary values, as our
research shows wide variations depending upon
vehicle type.

The block diagram of Figure 4 shows the
dynamic structure of the simulated vehicle.
Note that the negative derivative signs have
been transferred to the respective feedback
paths, clearly showing the negative feedback
closures of the system, previously identified as
damping gains and attitude feedback gains. We
consider the block diagram a valuable tool in
visualizing the dynamic structure of the system.
The analog computer program of Figure 5
follows. Our analog computer breadboarding
uses both inverting and noninverting units in a
sensible way. We first prepare a block diagram
of the system to be simulated. We invert only
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when necessary. We use summing amplifiers
instead of summing at the integrator input (so
that acceleration signals are observable,
recordable, and available during an experiment).
Integrators are noninverting and buffers are used
liberally for impedance isolation. (High quality
operational amplifiers are very inexpensive.) A
unique feature of the equipment is that loop
gains are set by electronic (inverting or
noninverting) amplifier units rather than
potentiometers; the later are used only when we
are certain that fractional gains is all we will
ever need. We use operational amplifier circuits
designed to perform accurate linear and
nonlinear computations in conjunction with
multipliers and multifunction integrated circuits.
We have found that scaling is not a problem at
the typically low frequencies found in man-
machine experiments. High-speed repetitive
operations are neither necessary nor desirable to
our experiments.

Epilog—So Why Simulate VTOL
Aircraft ?

In recent years there has been a slow but
visible movement toward designing a practical
“people’s” VTOL machine. A VTOL flying
platform can be a manned vehicle of high utility
in many areas. It is also suitable for airborne
robotic and remotely-piloted vehicle (RPV)
applications. There exists an immense body of
technical information on VTOL aircraft which,
however, is very difficult to find—inaccessible
to the average worker who often tends to
reinvent the wheel. We believe that “old”
technology should be reexamined, rekindled,
and reapplied with modern materials,
electronics, control systems, etc. The parallel
use of simulation and flight testing with
properly scaled models can solve most problems
inexpensively.  Simulation, data fitting, and
dynamic model-matching techniques based on
valid mathematical models yield valuable
information on the dynamic structures
themselves.  They serve to uncover and
illuminate normally imperceptible issues of
system behavior, the cross-coupling and
sensitivity of variables, etc.
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Fortunately, NACA/NASA has conducted a lot
of research on VTOL aircraft, lift mechanisms,
simulation, etc. Their publications along with
the British ARC and NATO AGARD report
constitute virtually the entire body of “findable”
VTOL research documents (in addition to those
found in technical journals) in the English
language. One may begin with Kuhn’s review
of basic VTOL aerodynamics[17], followed by
Hill’s fundamentals for efficient hover control
[12], Reeder’s review on handling qualities [33],
Lollar’s note on VTOL handling qualities
criteria[ 19], Miller’s work on the presentation of
handling qualities criteria of unstable systems
[25-27], and Rotrel’s report on VTOL handling
qualities[34]. Rampy’s work on the stability
derivatives in hover and transition[32] is also
recommended here. While our paper deals with
hovering only, a thorough VTOL study should
investigate the critical transition regime also. In
summary, VTOL simulation examples are found
in James et al.[15], Isakson and Buning[14],
Faye[4], Garren and Assadourian[7], Gerdes
and Weick[8], Franke and Dopner[5], Holden
[13], MclIntyre[22], Castle and Mclntyre[2],
Goldberger[9], Streiff[37], Sinacori[36], Fry et
al.[6], Greif et al.[11], McLean and Naseem
[24], Corliss et al.[3], and Oesterlin[28].

References

1. Anakawa, W K. N., Stabilization of an
Unstable Plant by Pole Allocation, Observer
Theory, and Active Networks, IEEE Trans.
On Indus. Electronics and Control
Instrumentation, IECI-28(3) (August 1981),
pp. 230-224.

2. Castle, G. and W. Mclntyre. Simulation of
Helicopter and V/STOL Aircraft, Vol. III,
Part 1: Computation Methods, Analog.
NAVTRADEVCEN 1205-3. U.S. Naval
Training Device Center (May 1966).

3. Corliss, L., R. K. Greif, and R. M. Gerdes.
Comparison of Ground-Based and In-Flight
Simulation of VTOL Hover Control
Concepts, J. Guidance and Control 1(3)
(1978), pp. 217-221.

81



10.

1.

12.

82

Faye, A. E. Jr Attitude  Control
Requirements for Hovering Determined
Through the Use of a Piloted Flight
Simulator. NASA TN D-792 (1961).

Franke, H. M. and G. Dopner.
Regeltechnische Untersuchungen uber den
Einfluss des Stellgliedes in
Schwebflugsteuerungen. Jarbuch 1963 der
WGLR, pp. 67-75.

Fry, E. B., R. K. Greif, and R. M. Gerdes.
Use of a Six-Degree-of-Freedom Motion
Simulator for Visual Hovering Tasks.
NASA TN D-5383 (August 1969).

Garren, J. F. Jr. and A. Assadourian. VTOL
Height-Control Requirements in Hovering

as Determined from Motion Simulator
Study. NASA TN-1488 (1962).

Gerdes, R. M. and R. F. Weick. A
Preliminary Piloted Simulator and Flight

Study of Height Control Requirements for
VTOL Aircraft. NASA TN D-1201 (1962).

Goldberger, S. On the Relative Importance
of the Low Speed Control Requirement for
V/STOL  Aircraft. AECD-TR-66-205.
Arnold Air Force Station, TN: Arnold
Engineering Deveopment Center (December
1966).

Greenman, R. N. and M. G. Gaffney.
Dynamic Stability Analysis of Ducted Fan
Type Flying Platforms. Hiller Aircraft
Report ARD-233 (29 May 1959). (AD 218
994)

Greif, R. K., E. B. Fry, R. M. Gerdes, and T.
D. Gossett. Effect of Stabilization on VTOL
Aircraft in Hovering Flight. NASA TN D-
6900 (August 1972).

Hill, T. G., Some Fundamentals for Efficient
VTOL Aircraft Hover Control, The Journal
of the American Helicopter Society, 11(1)
(January 1966), pp. 2-9.

13.

14.

15.

16.

17.

18.

19.

20.

21

Holden, K. J.  Investigation of Some
Piloting Problems by Analogue Techniques.
Ph.D. Thesis. Belfast, Ireland: Queens
University, Department of Aeronautical
Engineering (May 1963).

Isakson, G. and H. Buning. A Study of
Problems in the Flight Simulation of VTOL
Aircraft. WADC TN 599-305 (1960). (AD
233441)

James, H. A., R. C. Wingrove, C. A.
Holzhauser, and F. J. Drinkwater III. Wind-
Tunnel and Piloted Flight Simulator
Investigation of a Deflected-Slipstream
VTOL Airplane, The Ryan VZ-3RY.
NASA TN D-89 (November 1959).

Karayanakis, N. M.  Computer-Assisted
Simulation of Dynamic Systems with Block
Diagram Languages. Boca Raton, FL:
CRC, 1993.

Kuhn, R. E. Review of Basic Principles of
V/STOL Aerodynamics. NASA TN D-733
(March 1961).

Levy, H. Aerial Jeeps for the U.S. Army,
The Aeroplane (February 13, 1959), pp.
196-198.

Lollar, F. E. A Rationale for the
Determination of Certain VTOL Handling
Qualities Criteria. NATO AGARD Report
471 (July 1963).

Lynch, W. A. and J. G. Truxal. Control-
System Engineering, International Science
and Technology, 51 (March 1966), pp. 60-
72.

. McGregor, D. M. An Investigation of the

Effects of Lateral-Directional Control Cross-
Coupling on Flying Qualities Using a
V/STOL Airborne Simulator. Report LR-
390. Ottawa, Canada: National
Aeronautical Establishment, Flight Research
Section (December 1963).

COMPUTERS IN EDUCATION JOURBNAL



22.

23.

24.

25.

26.

27.

28.

29.

30.

Mclntyre, W. Simulation of Helicopter and
V/STOL Aircraft Vol. Il: V/STOL Analysis
Report. NAVTRADEVCEN 1205-2. U.S.
Naval Training Device Center (September
1963).

McKinney, M. O. Stability and Control of
the Aerial Jeep. Preprint No. 105. SAE

Annual Meeting, Detroit, MI (January
1959).

McLean, D. and M. A. Naseem. Simple
Sub-optimal On/Off Flight Controller for a
VTOL Aircraft, Measurement and Control,
10(1) (November 1977), pp. 441-445.

Miller, C. Additional Results of Research
for Presenting Handling Qualities Criteria
for Unstable Systems. Report UAR-B186.
United Aircraft Corporation (November
1963). a

Miller, C. Research on Methods for
Presenting Handling Qualities Criteria for
Unstable Systems.  Report UAR-B175.
United Aircraft Corporation (November
1963). b

Miller, C.
Presenting
Qualities Criteria.
(August 1964).

Research on Methods for
VTOL  Aircraft Handling
ATAA Paper 64-618

Oesterlin, W. Ein Flugdhig Eingespannter
Modellhubschrauber zur Untersuchung des
Menschlichen  Reglerverhaltens. Z.
Flugwiss. Weltraunforch., 3(2) (1979), pp.
98-108.

Partlett, L. P. Wind-Tunnel Investigation of
a Small-Scale Model of an Aerial Vehicle
Supported by Ducted Fans. NASA TN D-
377 (1960).

Partlett, L. P. Stability and Control
Characteristics of a Small-Scale Model of an
Aerial Vehicle Supported by Ducted Fans.
NASA TN D-920 (1961). a

COMPUTERS IN EDUCATION JOURNAL

31.

32.

33.

34.

35.

36.

37.

Partlett, L. P. Stability and Control
Characteristics of a Model of an Aerial

Vehicle Supported by Four Ducted Fans.
NASA TN D-937 (1961) b

Rampy, J. M. Important V/STOL Aircraft
Stability = Derivatives in Hover and
Transition. M. S. Thesis. University of
Tennessee Space Institute (December 1965).

Reeder, J. P. Handling Qualities Experience
with Several VTOL Research Aircraft.
NASA TN D-735 (March 1961).

Rotrel, A. Recommendations for V/STOL
Handling Qualities. NATO AGARD Report
408 (October 1962).

Sideris, G. Mastering the Control Variables,
Space/Aeronautics, 53(5) (May 1970), pp.
40-47.

V/STOL Ground-based
Simulation Techniques. Report
USAAVLABS TR 67-55. U.S. Army
Aviation Materiel Laboratories (November
1967).

Sinacori, J. B.

Streiff, H. G. Study, Survey of Helicopter
and V/STOL Aircraft Simulator Trainer
Dynamic Responses, Vol. 1.
NAVTRADEVCEN 1753-1 (1966). (AD
668005).

Biographical Information

Nicholas M. Karayanakis, Ph.D. is a Professor
of Research at the University of North Florida.
His research interests include the design and
simulation of unusual aircraft configurations,
dynamic system simulation and analog/hybrid

computation.

He is the author of many

technical articles, reports and three books on
simulation.

83



UNSTABILIZED VTOL VEHICLE AUGMENTED CONTROL FOR ¥TOL VEHICLE
LATERAL MOTION
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Figure 1 Simulation setup for the fundamental Figure 2 Improving VTOL vehicle
VTOL control task. dynamics with negative feedback (one axis
shown).
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BLOCK STRUCTURE AND TRANSFER

FUNCTION DERIVATION OF THE
a 4 AUGMENTED YTOL LONGITUDINAL
DYNAMICS
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Figure 3 Developing the transfer function of the augmented VTOL longitudinal dynamics.
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Figure 4 The dynamic structure of the simulated vehicle. The contributions of each derivative’s sign
and magnitude are clearly shown.
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Figure 5 The analog program for the simulated vehicle.
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