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DESIGN AND TEST OF A LONGITUDINAL CONTROL SYSTEM
FOR A HYDROFOIL CRAFT

by

Brian Tuite Hastings
Fraincis Wood Penney
James Burnell Baker

Submitted to the Department of Aeronautical Engineering on
May 24, 1954. in partial fulfillment of the rcquirements for the
degree of Master of Science.

ABSTRACT

A hydrofoil craft, when under way, can be described as a hull
supported clear of ine water by the dynamic lift of underwater wings
or hydrofoils. Such craft have decided advantages in speed per horse-
power and in seakeeping ability. The serious problem involved is to
stabilize the craft against disturbances due to water surface and sub-
surface motion.

This thesis propcses a guidance and control system which includes
an integrating gyro for craft pitch contral, a device for sensing posi-
tion of the water surface, and a device for measuring water motion
beneath the surface. The craft and control system are then tested for
response to sinusoidal waves.

The equations of motion for the craft are presented and certain
simplifying assumptions made. Various relating functions for the
craft are developed and gain-phase diagrams plotted. From the
diagrams are calculated the loop gains sufficient tc cause conditional
stability of the system. This gain i{s then used as an accuracy check
against the gain which causes conditicnal stability of the electronically
simulated system.

Simulator test results show that more control is lost than gained
through use of the sub-surface water sensing Gevice. It is therefore

GﬂNFIDENTiI’\i
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k discardeg. The authors believe that the guidance and control gystem
as thus reduced will give substantially better performance than any
t system which has been tried on the craft studied. Suggestions are
{ offered for further improvement.
¥ |
f Thesis Supervisor: Robert C. Seamans, Jr.
i Title: Associate Professor of
Aeronautical Engineering
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OBJECT

The object of this thesis is tc design and test, with an electronic
simulator, a iongitudinal guidance and control system for a hydrofoil
craft. The problem is similar to the design of a pitch-attitude auto-
matic pilot for an airborne vehicle, with the additional difficulty that
the hydrofoil is subject to continual large scale water disturbances,
and with an additional requirement for precise conirol of altitude to
within a few inches. '
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CHAPTER 1

INTRODUC TION

1.1 Nature ai the Problemr

A hydrofoil craft may be described as a hull supported clear of the
water, when under way, by the dynamic lift of underwater wings, or
hydrofoils. @) For certain speed-length ratios it offers a substantial
reduction in water resistance, a corresponding increase in speed per
horsepower, and a marked improvement in sea keeping ability. Various
craft and foil configurations are possible, but for craft larger than
twenty-five to fifty tons, the most promising system seems to have two
or three controllable and fully submerged foils. (2) (See Fig. 1.1.)

Various investigators have experimented with hydrofoil crait since
about the turn of the century. Among the well-knocwn inventors and
scientists may be found such names as Wilbur and Orville Wright,
Alexander Graham Bell, and Otto Tietjens. Results have varied from
poor to very good, but ti: good results have been accompiished only
in relatively smooth water. One of the reasons for the lack of success
has been that the probiems of hydroifcil flight are inherently more
complicated than those of subsonic aerodynamics; and there has not
been s0 much study made of the hydrofoil as of the airplane.

The chief prcblem in hydrofoil design has been, and is now,
stabilization of the craft in a seaway. Recent controlled-foil systems
have been successful in so-called head seas, but the problem of the
following sea remains. (See Appendix A.)

A gocd control system will probably be similar in general nature
to an aircraft automatic pilot. (15) However, it must in addition provicie
precise control of altitude within a few inches, and it must be able to
naindle continuous and large scale disturbing inputs.

CONFIDENTIAL
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Fik.1-1 SKETCH OF HYDROFQiL CRAFT.
I.Z Current Research Efforts

The dirmensions shown in Fig. 1.1 are for the small research craft
designed under U.S. Navy auspices by the Gibbs and Cox Cnrporation.
It is hoped that the study of this small craft will produc: fundamental
knowledge of hydrofoil performance which will be usetul in the design
of larger craft. The Flight Control Laboratory of Massachusetts Insti-
tute of Technology is undertaking a fundam2ntal and general study of
submerged-foil hydrofoil craft. The object of this thesis, based on
present developmeant of the Flight Conirol Laboratory study, is narrower
and more specific. The object oi tkis thesis is to design a longitudinal
control system for the present Gibbs and Cox craft. Because of limited
time the study has been confined to minosr variations of one basic con-
trol system, and sea conditions have been specified as sinusoidal steady-
state. The craft and the water have been simulated and tested on the

Flight Control Laboratury Electrconic Anaiogue CTomputer.
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CHAPTER 2

PROPOSED LONGITUDINAL GUIDANCE AND CONTROL SYSTEM

2.1 General description of system

The hydrofoil craft in flight is subject to two disturbances. The first
arises from the fact that the craft must rely for guidance on some measure
of the water level = but the water surface is continuially moving up and
down to disturb the craft. The second arises from the sub-surface orbital
moticn described in Appendix A and from the consequent continual changes
in the. lift and’ drag forces generated by the hydrofoil surface.

This thesis attempts to scive these problems. Figure 2-1 is a sketch
of the craft being studied, with definitions of the guantities involved.

Figure 2-2 is a block diagram of the guidance and control system proposed.
A8 described below, the pitch and altitude control systems will attempt to
minimize deviations from a refererce pitch angle and a reference altitude.
The guidance system will attempt to guide the craft up and over larger
waves. The combined system can be said to have three objectives:

1. Maintain a nearly constant altitude with the rear foil as follows.
Install at the rear foil a device, hereafter called a water varne, which will
swing about a hinge so that it is continucusly lined up with the water velacity
direction. Through an electrical resolver, develop a signal which will slave
the servo-controlled rear foil at a normal, or trim angle to the water vane.
Under control of a height sensing device at the cenier of gravity, change the
angle between vane and foil (which is the effective foil angle of attack) as
necessary to provide muie or less lift.

2. Maintain a nearly constant craft pitch angle with the front foil as
follows. Install a very fast integrating gyro which will sense any angular
deviation of the craft in pitch frem a reference direction and send a
correcting signal to the front foil servo.

3. In high seas, command changes in craft pitch angle and height to
foliow the siope of the waves. Deveiop piich commands by installing a

13
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secoiid, and different, height sensing device forward of the bow of the buat:
this device will send commands to the torque generator in the gyro unit to
establish ncw reference piteh angles as necessary. Develop height commands
at the height sensing device which is at the center of gravity.

2.2 Height-sensing sirut at center of gravity

The height-sensing strut installed in the present Gibbs and Cox craft
is sketched below.

CRAFT
LLLLLL L L

y ELECTRODES

WATER SURFACE
e A A AL A

NEUTRAL POINT” ¥

%

IREEARUNEAERREERERA

TII!HH}HHH!LL

When an electrode is immersed in the water it is grounded to the strut
and craft. The number of grounded electrodes is a measure of the depth of
the strut or the height of the craft. The signals from the elec¢trodes are of
opposite polarity above and below the neutral point to establish craft reference
height. If water is higher on the strut than the neutral puint, the strut signal
is a command for the craft to climb, and conversely. This thesis has as~
sumed that there is a negligible delay between water clearance time and
drying time of an electrode. It is also assumsd that the electrodes are
spaced closely enough that the signal can be considered continuous rather
than discrete. '

2.3 Height-sensing strut forward of the bow

The forward sencsing strut is mounted ahead of the bow of the boat tn

guide the craft up and down the slopes of larger waves by sending & signal
to the gyro torgue generator or directly to the frout fuoil, or to botk. iis
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principlz of operation is similar to the sensing strut at the cenier of gravity.
However, it is desired that the craft fly straight and level through smaller
waves and follow only the larger waves, Therefore the forward strut has a
dead zone in which smaller waves may move up and down to produce either
a small signal or no signal at all. The width of the dead zone and the
magnitude of the two zone signals are to be determined by analysis or
experiment with due cunsideratica for the problem of gyro drift.

2.4 The servo motor

The motors controlling the front and rear servos are conventional
but high performaiice electrical positional servos. The authors have as-
sumed availability of a servo with a nataral frequency of 30 radians per
second (4.78 cycles per second) and a damping ratio of 0.7.

2.5 The Integrating Gyro

The integrating gyro is a single-degree-of-freedom, or single-gimbal,
gyroscope. It receives as its inpyt the angular velocity of its case about
the input axis, with respect to inertial space, along with electrical current
humt signals to its torque generator, and generates an outpuat voltage:
proportional to the time integrai of these inputs.14) The gimbal housiug is
completely immersed ix & damping fluid which provides an opptsing shear
force proportional to gimbal angular rate. The result is that the angle of
the gimbal with respect to the case at every instant of time is proportiomal
to the angular displacement of the case about the taput axis measured with
respect to inertial space.

The operation of the Type H Integrating Gyro is described in detail
in Reference 14. For the purpose of this thesis the integrating gyro can be
considered as a fast, precise device with three characterisiics: :

1. The gyro will provide ~n electrical signal proportional to the pitch
angle by which the hydrcfoil crafi longitedingl axis has rotated from a
reference direction. ,

2. The gyro will accept an electrical signal as a command to change
the reference direction in inertial space.

3.. The gyro is very fast. A typical characteristic time, or time
constant, is 0.00285 sec. This is so much faster than hydrofoil craft
response times that gyro dynamics can and will be ignored.
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2.6 The water vane

A major factor in hydrofoil performance is the water orbital motion
and its effect on the local water velocity direction at the foil. Various
methods of continuously measuring this direction suggest themselves.
Several methods will be mentioned briefly in Chapter 5 on Suggestions. A
fairly simple and seemingly feasible method has been assumed for this
thesis. It is based on the venerable concept of the weather vane. The actual
design and fabrication of the device will be a project in itself but in this
thesis the authors have assumed that the device can be built and that its
dynamics will be negligible.

The water vanc will probably be based on a symmetrical airfoil or
hydrofoil section, hinged near cr ahead cf its leading edge and flying
freely in the water flow. Its couafiguradon and location will depend among
other things on considerations of water flow and vartex patterns. The
authors do not believe that the device must accurately measure 151l angle of
attack, with all the attendant problems that are known to exist in the design
of aircraft angle of attack indicators. It seems sufficient that the water vane
indicate a reasonably ‘accurate reference direction. For example if it is
necacsary to locate the vane in or near a foil tip vartex, or in the dowrnwash,
it is only necessary that the vane angle bear some simple and reasonably
accurate relation to the actunl direction of water flow. Note that the vane will
automatically allow for downwash at the rear foil due to the front foil.

Froem the hinge the vane orientation can be transmitted to an electrical
resolver by means of a simple wire ard pulley system; the wires might be
carried up the inside of the structure which connects the hull with the foil..
Or the resolver might be mounted in a water proof housing at the foil with
the electrical signal transmitted to the hull. Resolvers are commercially
available which will measure angles as small as 0.002 radian. The elecirical
signal from the resolver can then be added to the signal from the height-
sensing strut and used as the error signal to the positional servo cantrolling
the foil. ' .

‘Note that in trim flight in smooth water the servo will not be com-
manded to line up the foil with the vane; it will be commanded to establish
a trim angle of attack between foil and vane. Wken the craft snccunters
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orbitzl motion the resolver signal will command a change in toil angle with
respect to a reference in the craft, without any change in the angla betweea
foil and vane. When the craft encounters a wave or a change in height the
strntsiaulwmalsocummandaehugemtheanglcmwadcnf‘-
but this change will amount to a change in angle between foil and vane.

This thesis is concerned only with longitudinal coatrol of the cratt
but a brief consideration of the lateral control problem suggest twc
alternatives. The first is to mount only one water vane between the two rear
folls and use it as a reference for both. The second is to mount two water
vanes, one cutboard of each of the two rear foils. The latter might prove
more effective in the problem of literal control where it will be important
to consider the variation of water velocity direction from one side of the
craft to the other. Again the designer wil have to make a reasonable compro-
mise and consider vortex and-downward effects.
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| CHAPTER 3

i SYSTEM ANALYSIS AND TEST PROCEDURE

3.1 Simulation of System

The guidance and control system proposed in Fig. 2-2 was simulated
on the Flight Control Laboratory Electronic Analog Computer. This
computer is a real time computer similar to the better known Reeves
Analog Computer. The simulated system is showrn in Appendix E,

i Fig. E-1. The system was analyzed using an exparded time scale
(1. e., one second real time equals ten seconds computer time) because
of the dynamic range of gains involved.

Some organized method for selecting loop gains had to be used.

The authors chose to select each guidance and control loop gair on the
Dasis of sysiem responses (0 individual disturbance inputs. The piteh
control system loop gain was set first, because the altitude control sys-
tem {Eg. (C-14)) is unstable without the pitch control system operating.

) ¢ 3.2 Pitch Control System

PRI ek o

The purpose of the pitch control system is to minimize craft pitch
rate caused by disturbing inputs. The integrating gyro measures pitch
rate and provides 2 correcting aignal tc the front foil.

The pitch control system includes a signal modifier which was not
i X described in Chapter 2. After several design considerationg, the only
| logical choice for this signal modifier seemed to be a lead-lag network
(Eq. (D-2)). It is normally desired that the characteristic time ratio
(a) be as large as possible and is set equal to 10 because this is close
to the practical design limit for such a network. Three values of the
characteristic time ('ESM) were chosen as .01, .02, and .03 seconds.
With these values, gain-phase diagrams similar to Fig. D-1 were
drawn. From these diagrams, the design characteristic time was
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chosea ag . 01 second, because this value gives a gain marg‘in(ls) of 7.1,
approximately 150% and 300% of that for .02 and . 03 respectively.

The phase margin was approximately 60 degrees for all characteristic
time values used; therefore, gain margin alone was used to select the
characteristic time of the signal modifier.

Now all the features of the pitch control system have been specified
except the feedback sensitivity. Disturbance inputs in the form of .
variable frequency sinusoidal waves representing orbital motion at the
froant foil were used to select this gain. All the sea conditions of Ap-
pendix A, Fig. A-3 were simulated, and the best value of the feedback
sensitivity (S u Spg» foil deflection per unit pitch angle) was found to
be between -2 and -4 from consideration of the magnitude of the front
foil deflection and craft pitch angle. A higher sensitivity would further
reduce the pitch angle, but this would cause larger foil deflections and
might stall the foil. Therefore, the maximum sensitivity investigated
was ~4.

3.3 Altitude Guidance and Control System

The altitude guidance and control system has to be studied with the
pitch control system operating since the altitude system alone is unstable.
The feedback sensitivity of the pitch control system was set at -2 for
this study.

All components of the altitude control system (omitting the water
vane loop) were specified in Chapter 2 except the signal modifier.
Because of simulator equipment limitations, the only network that could
be tried was a filter network. This network introduced additional lags
in the system and was undesirable. It was therefore omitted. The best
network would seem to be a lag-lead network giving approximate integral

‘control, but the lack of additional components on the computer canceled

this study.

For disturbance inputs representing orbital motion at the rear foil,
the best value of altitude feedback sensitivity (SSE SRS’ foil deflection
per fcot change in height) was between -0. 3 and -0. 6 for the purpose
of minimizing deviations in the height of the craft. However, when the
single input was used to represent the sea suriace, these vaiucs of
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feedback sensitivily were found to be too large at the higher frequencies
{ because ¢f system lags. The best value of feedback sensitivity at these
! higher frequencies was found to be between ~. 015 and ~.030.
! i Thus one sees that a rough sea puts contradicting requirements on
! the altitude guidance and control system - high feedback sensitivity to
combat orbital mction and low sensitivity to minimize sea surface effects.
One approach to handling this double requirement is to combat orbital
motion by another control system loop. The water vane control loop
(Fig. 2-2) was proposed. As beiore, computer componenis limited
the equizment in this syster, and the signal modifier was reduced to
a pure sensitivity (swv). With the altitude control system feedback
sensitivity (Sq. Spo) equal to ~. 02 rad/foot and a single disturbance
input representing orbital motion at the rear foil, the best value of the
water vane control system gain (swv SR.S’ radian per radian) was be-
tween 1 and 2 depending upon the sea condition (frequency).

On the basis of single inputs. the ranges of the control system gains
have been specified. Now, the entire control is ready tc be tested using
multiple inputs (Appendix A). However, the proposed method for de-
veloping a vitch rate to ride long-wavelength, high-amplitude waves has
not been discussed.

3.4 Pitch Guidance System

The proposed method for developing a pitch rate to ride long-wave-
length, high-amplitude waves is shown in Fig. 2-2, This sygterh was
not simulated on the computer for the same reason mentioned several
times previously - lack of computer equipment.

" 'The prcoposed sensing element for the system is discussed in
Section 2.3. Its output signal can be used for guidance in several ways.
One method is to use the signal to torque the integrating gyro, calling
for a pitch rate proportional to the signal. Another method consists of
two steps:' (1) use the dead-zone, low-amplitude signal to torque the
gyro as a correction for gyro drift, and (2) use the outer-zone, high-
amplitude signal a5 an input to the signal modifier calling for a craft
pitch rate to nuli the signal through gyro feedback. This entire guidance
system needs further study before a definite arrangement of equipment

can be specified.
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3.5 Guidance and Control System Test

Multiple inputs (Appendix A) representing orbital motion at the
front and rear foils and sea surface at the center of gravity of the craft
were used to test the guidance and control systems described in Sec-
tions 3.2 and 3.3. The first muitiple input used for test was a 4C-foot
wavelength following sea using these sensitivities: Sgu SFS = =2.0,
SSE SRS = -.020, and SWV SRS =1.0. The resuii was that both front
and rear foils broached. Several combinations of sensitivities were
tried with the water vane system included and then omitted completely,
and the final conciusion was that the water vane system did more harm
than good. (Refer to Chapter 5 for explanation.) Time limitations
forced the authors to remove the water vane from the system without
further exploration of its possibilities. Further study is recommended
for future investigators to determine the potentialities of a water vane.

With the omission of the water vane control system, the rest of
guidance and control system was tested. The sea conditions chosen
were head and following seas of 10, 20, and 40 foct wavelengths. The
responses of the hydrofoil craft to these sea conditicas for various
combinations of system feedback sensitivities were recorded on a
Sanborn recorder and are tabulated in Table 3-1. All values tabulated
are the maximum values of the variable [i.e., q = Q.ax 8iD (wt + PA) ]
The phase angles of the craft height deviation with respect to the water
surface {AS - h), craft height deviation with respect to inertial space
(h), the pitch angle deviation (9), and the sea surface at the front and
rear foils are measured with respect to the sea surface at the center
of gravity of the craft and tabulated as PAp S:{OS~-h) ] PAbS;h]’
PA[AS; o] PA[AS;ASf] and PA[AS; Ast] respectively.

From the data of Table 3-1, one can calculate the depth of sub-
mergence of the rear and front foils. The necessary equations are:

depth of submergence
of front foil

~2:6 .5 80 (W4 PA[AS; e])
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depth of submergence
of rear foil = Trim submergence + (As)max sin[wt - PA[AS; Ast]]

= hppax SI0 [Wt + PApg. 1]

A check of the data shows that both fcils are at least under the water
surface for some combination of sensitivities at all sea conditions in-
vestigated. However, the foils are nnt always submerged as much as
nine-tent* 3 of the foil chord. Therefore, the assumption about the
height derivatives in the derivation of the equations of motion (Ap-
pendix B) has been violated. The addition of the height derivatives
would seem to help keep the foils submerged since their major effect
is a decrease in effective liit as the foil approaches the surface. This
decrease in lift may be enough io keep the foils submerged the required
depth. However, this is something that must be discovered by further
investigation.
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CHAPTER 4

CONCLUSIONS

4.1 General

The general conclusion from the test results of Table 3-1 is that
the proposed guidance and control system gives better craft performance
than any sysiem which has been installed and tested on the same con-
figuration of the Gibbs and Cox craft. The proposed system also gives
better performance than earlier systems studied by the Flight Control
Laboratory. The reasons for the improvement lie in the use of the
integrating gyro and the addition of a rear foil servo, two components
which have not been investigated very thoroughly beiore. Furtiher, the
servo used in this thesis is assumed to have better performance than
these actunally inatalied in the research craft.

The sea conditions simuiated are a reasonable representation of a
variety of undisturbed waves. Test resulte show that for each sea con-
dition tested there is at least one combination of system gains which
keeps the front and rear foils submerged; note, however, that in most
ases the foils do come closer to the surface than nine-tenths of a chord
length. In the derivation of the craft equations of motion it was assumed
that the foils would stay beiow the surface by at isast this distance. This
made it possible to linearize certain relationships and neglect height
derivatives. The nonlinearities arise from the fact that the foil loges
1ift very rapidiy as it rises above this critica! depth. Now if test results
show the foil tc be rising higher than this critical depth it is indeed true
that the mathematical representation of the craft is no longer valid.
However, as the fcils make their close approach to the surface, the
loss of lift probably prevents the craft from rising as far as the mathe-
matical model indicates. Therefore, the authors believe that in every

sea condition tested the foils did in fact remain at a safe depth.
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The general results stated above depend on changing the gain in both
loops ase 2 function of sea condition. The pitch control system gain must
be increased in low-frequency large-amplitude waves to minimize pitch
angle variation; but this gain may be decreased in shorter choppy seas.
The altitude system gain must also be increased in low-frequency large-
amplitude waves because the craft must follow the water to some extent
to prevent the foils from broaching. This high altitude gain has two
results: (1) it provides a larger signal for the servo to guide the craft
up and down with the waves anc,, (2) it reduces the phase lag between
the control signal and the craft response. In high-frequency smali-
amplitude waves, the craft should approach straight and level flight
and a low altitude gain is necessary. This low altitude gain (1) reduces
the signal to the servo bccause it is not necessary or desirabie to guide
the craft up and down with the waves, and (2) it permits a greater phase
lag which is unimportant because of the lower amplitudes of both craft
and water surface motion.

An important conclusion of this study is that a definite distinction
must be made between guidance and control. In the proposed system
the sensing strut is calied upon to provide both guidance and control.

It is called upon to use the water surfacs as a guidance reference when
the water surface is itself a disturbing input. ii ncw seems that for
improved performance the strut should be considered as really suitable
only for the guidance function; it should be used only to provide a
relatively slow or average measure of water surface position. Rela-
tively fant control against disturbing inputs may bave to be provided by
an accelerometer which will measure crait accelerations from an
inertial space altitude reference.

4.2 Summary of Conclusions

The authors' conclusions can be summarized as follows:

1. Test results indicate better performance than has been pre-
viously attained with the Gibbs and Cox craft.

2. By varying gains of the pitch control system_ and the altitude
control siystem as a function of wavelength, ihe foils can be
kept underneath the water for every sea condition studied.
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The craft need not follow small-amplitude high-frequency waves,
but must begin to iollow the water surface as wave amplitude
increases and frequency of encounter decreases. Operator con-
trol over gain seems necessary.

Distinction between guidance and control functions must be
empnasized. Results of this thesis indicate that the particular
craft studied requires an inertial space reference for altitude.

A different configuration or different craft may not need this
type of reference.

The water vane as simulated did not improve craft performance.
The reasons are not clearly understood, but some possible ex-
planations will be &iscussed in Chapter 5.

The authors believe that the craft configuration studied has in-
herently poor stability characteristics largely because the foil
sepnration is short. The proposed guidance and control system
may be quite satisfactory when used cn a more stable craft or
on a more stable configuration of the present craft,

Much fundamental knowledge of hydrofoil behavior remains to be
acauired. Continuing basic studies are recommenrded.
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CHAPTER 5

SUGGESTIONS

The authors regret that time limitations have prevented their
going further with this study. Many possibilities have suggested
themselves; some of the more important ones are listed below in the
hope that they may interest or assist future investigators.

1. In Chapter 4 it was concluded that the control system proposed
in this thesis either works or nearly works under most sea conditions
tested. It is now suggested that the proposed system might prove
considerably more satisfactory if the craft trim altitude were lowered.
It is not easy to see the compounded results of running the foii at
greater depth. However it is certainly clear that if the foll trims
desper, it can rice further hefare it broaches.

2. It is also suggested that performance would probably be
improved by increasing the foil separation. It is believed that increased
separation will minimize the effect at one foil of a disturbance at the
other. This belief is supported by preliminary results of studies now
being made by Barnes and Connors of the Flight Control Laboratory.
3. In the guidance and control system proposed and simulated in
this thesis, pitch control was attempted by sending the gyro signal
cnly to the front foil. This in effect meant that the craft rotated about
a line through the rear foll. All such rotation involved a translation

of the center of gravity. The authors had hoped, but did not have time
to try sending gyro signals to both front and rear foils to effect craft
rotation about the center of gravity. The signals to the two foils would
of course be opposite in sign; and they would have a magnitude ratio
determined jointly by the lift characteristics of the two folls and by
the distances of the foils from the center of gravity.
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Th2 signal from the sensing strut could also be sent to both foils

1 to coatrol altitude. Then if this system was still unsaiisfactory, an
|- 5 attempt could be made at achieving a tight loop on altitude by adding an

! accelerometer at the center of gravity. The accelerometer would
provide tight loop control by reference to inertial space, and ihe strut
would provide the slower guidance by reference to an average of the
water surface. This wouid relieve the sirui uf the difficult task of
simultaneously providing slow guidance and fast control.
4. With any control system similar to the one proposed in this
thesis, and using a water sensing strut, it will almost certainly be
necessary to leave the altitude loop gain under the control of the craft
operator. This will permit the operator to adjust the gain to suii the
sea ccnditions — straight and level through small waves, up and over
the larger waves. ’

Also, integral contrsl in the altitude loop might prove advantageous.

Investigation is recommended.
S. The authors, again because of time limitations, were unable to
investigate their proposal for pitch guidance for following larger
waves. Ii is hoped ihat others will be able to study it in the future.
i ; 8. A oreat deal remaing to he learned about the fundamentals of
| hydrofoil craft dynamies. Before a good control system can be designed,
the craft itself should have as much stability as possible built into it.
Work should be continued on such studies as are now in progress at the
Flight Control Laboratory. The craft designer should be abie io
optimizs such craft parameters as leangth of foil separation, radius of
gyvrstion; location of center of gravity, trim altitude, etc. The crait
designer should have good criteria for the selection of the best hydrofeil
| section. Also, more should be learned about the seemingiy important
ratio of foil separation to craft trim velocity.
e In any frequency analysis of hydrofoil craft, consideration muzt
be given to the difference between a head and following sea. That is,
frequency of wave encounter is nct the only important quantity. The
difference in the phase relationships among water and orbitai moiions
in head and following seas completely changes the situation. However,
in random seas, irequéency and power specirai density will become
the determining factors.
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8. The proposed water vane failed in that it either caused instability
or increased the amplitudes of craft responses. Time did not.permit
investigation of the reasons for fallure but the following suggestions
are made.

The fanction desired of the water vane is to measure and give
a signal to the servo to correct for change of water velocity direction
which is due to orbital motion and to downwash. Reference to Fig. 2-2
show; that the vane actually measures and attempts. to wash out these
quaniities; however it also measures [& ~{h/V) + (8 lt/V)] . When the
bow of the craft pitches up, the foil angle of attack increases with 8 ;
this increases the lift at the tail and generates a restoring moment tc
pitch the craft down again; but the water vane attempts to cancel this
effect and therefore cancei t}‘xe restoring moment. The same kind of
effect oceurs with the h and Oterms. The reason for the water vane
fallure seems to be that the disturhing effects of orbital motinn are
less important than the stabilizing effects of @, h, and © .

It is suggested that the water vane be given further study with
particular attention to the effects mentlone.d above. With an integrating
gyro in ihe system, signals for hoth Qand O are available. I an
accelerometer and integrator were added to the system a signal for
h would aiso be available.

It might be useful to add some or all of these signals to the
water vane signal - or it might be useful to forget about the water vane.
Investigation is recommended.

9. In some of the sea conditions tested in this study, the foils
stayed below the water surface but rotated through large angles with
respect to the craft. It is possible that these angles caused the foil to
reach the stall angle of aitack. Although the guestion is outside of the
scope of this study, it is suggested that a sclution might be found by
increasing the zrea of the foil. Investigation is recommended.
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APPENDIX A

CHARACTERISTICS OF DEEP WATER WAVES AND ’
ELECTRONIC SIMULATION

I RTTRy o g

A.1. General Discussion of Water Waves
Undisturbed waves in water take the approximate shape of a tro-
E choid. (12) This is the locus of an inner point of a circle when the
circle rolls along a straight line. Its shape is sketched roughly below:

A —

Deep water is defined as the condition where the wave length of
the surface wave is less than the depth of the water. When the wave
length is less than about one centimeter the wave is described as a
ripple. Ocean waves may be as iong as one ihousand feet and as high
as one hundred fe2t. The horizontal motion of 2 wave peak is the
wave velocity.” When waves are moving in the same direciicr as a

L surface craft the condition 1is described as a following sea.

i 1 When wave and craft velocities are in opposite directions, the cohdi-
tion is a head sea. [Note that the wave velocity with respect to the
earth may be either greater or ‘ess than the craft velocity with respect
to the earth, ] When water motion is disturbed by wind, traffic, head-
lands, etc. the condition may be described as a random sea. (15

! : As a wave propagates, water particies move up and down, and
they move backward and forward. The resultant motion of a particle
is elliptical, decreases exponentially with depth, and is called orbital
motion. As a hydrofoil surface moves horizontally, close to the
water surface, there is a horizontal water velocity component with
respect to the foil. ‘i'he orbital velocily of water particles adds
vectorially to the horizontal velocity. The result is that the effective
water velocity over the foil surface is constantly changing both in
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reagnitude and direction. The very serious effect of this is that the lift
and drag forces generated by the foll are also constantly changing. This
effect is at its worst in the case of a following sea, because the craft
encounters individual waves !ess frequently and the changes inthe forces
have a longer time to operate against the inertia of the craft.

A.2. Assumptions Made in this Study

In orde} to simulate both surface and orbital motion electrorically,
it is necessary to make certain simplifying assumptions. The as-
sumptions foiiow.

1. Waves may be represented as sinusoids.

2. Ripples are neglfgibl.e, and the craft will be operating only in
"deep'" water.

3. The ratio of wave lengthto wave height (double-amplitude) lies
between 10 and 25.

4. Hydrofoil surface has trim depth of 1.5 chord lengths, or
1.08 feet. Craft is assumed never to approach the surface more
closely than 0.9 chordlengths, or 0.648 feet. Any closer approach
invelves a serious loss of lift and invalidates the mathematical rep-
resentation. Note however that loss of lift has the desirable effect of
causing the craft to settle back into the water.

5. The change due to orbital motion in foil effective angle of at-
tack is sinusoidal and of constant magnitude. The magnitude is cal-
culated as the value for a foil submergence of one foot. This is
conservative because of assumption #4°and because this magnitude
actually decreases exponentially with submergence.

8. The change due to orbital raotion in the magnitude of the water
velocity over the foil can be neglected. This is because the effect is
much less important than the effect of changing angle of attack, and
because the change in magnitude is 90 degrees out of phase with the
change in angle. [See Fig. A-1]. The phase relation means that the
magnitude effects and the angle effects are never at their worst
gimultaneously.

7. As angle and magnitude change, there is a lag in buildup of
the lift and drag forces. For the craft being studied, this time delay
is of the orde: of 0.002 second. (13) It is therefore neglected.
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8. Orbital motion is circular, not elliptical.
9. Neither magnitude or phase of tail orbital motion is appreci-
ably affected by downwash.
10. Waves are assumed to have reached sinusoidal steady state.
No attempt is made to study transient phenomena.
11. The craft being studied in this thesis certainly should not be
expected to cope with waves higher than four feet. Probably the
maximum wave should be three feet.

A.3. Water arld Orbital Motion Phase Relations

1t is not difficult in theory to determine the phase relationsamong
water surface, orbital motion, and craft geometry. In practice it
has proved to be confusing, and so one approach will be described in
some detail below.

The following definitions are basic:

1. (AS)max is one half the wave height H. AS is positive when
the water surface is higher than mean water level.

2. Alveﬁ l oM 18 the change in the magnitude of the effective
water velocity over the hydrofoil surface. A ‘Veffl oM is positive
when it increases the waier veiociiy over the hydrofcil.

3 A'“OM is the change in hydrofoii effective angle of attack.
AaOM is positive when it causes an increase in upward force.

.';z Ly
s N I
aa NS ORBITAL '
Epi P RO == EIL \
R&o \l‘;:' 3 VELOCITY 5. - Dz

=W

Notice that Lift and Drag vectors rotate with A(IOM. The change in
direction of Lift has a negligible effect on Z furces, and will be
neglected. The horizontal component of 1lift is significant compared
"with the horizontal component of Drag, and will be accounted for in
simulator werk.

Figure A-1 shows the various relationships. The small arrows
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vi: ii:e sketch of the water surface show the variation of the orbital
motion through the cycle. Note that when orbital motion is directly
upward the local angie of attack is such that upward forces are at a
maximum; that is, AaO‘JI then has its maximum positive vaiue. Note

| that AaOM is always 90 degrees in space ahead of AS. When observed
from the moving craft AaOM can either lag cr lead AS in time depending
on whether there is a following or head sea respectively.

Consider now z head sea and refer to Fig. A-1. The reader is
invited to hold the waves'still, stand on the front foil, and sail to the
left. Define 4>f as the number of phase degrees that the boat has sailed
toward the left in Fig. A-1. The observer at tlie front foil will see:

1. A positive peak of Aa,, at the front foil when ¢, =0

2. A positive peak of Aa,. reach the rear foil wheng, = ¢,

3. A positive peak of AS at the front foil when <§>f = 90°

4. A positive peait of AS reach the c.g. when $e=90°+d .

: - That is, in time, Aq, lags Aa, by ¢,; and Ascg lags A, by(<t>cg + 90°).
This can be expressed as follows:
Lo, =Aa .. sin (256t) (A-1)

-

.

-
Sorw m———-

lflat =Aa____sin {awil —g‘yt) | -2
D8.q =AS,, sin (201t -, ~ 90) (A-3)

By similar analysis the expressions for 2 following sca can be
found:

Aoy =Aa . sin (251t) (A-4)

Qa, =Aam siﬁ (2= ft —@t) (A-5)

Ascé --és o Sin (2ef “¢cg + 90) (A-6)

A.4. Summary of Relationships

The phase relationships between the water surface and the orbita),
motion have been described immediately above. Now the following
expressions can be veriiied by reference to the assumptions listed
earlier and to Reference 68, Eqs. -1, 2, 3, 4, 12,
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The term x is closely related to A‘Veﬁ‘ oM’ and is small com -

pared with V. Therefore
2rd

e El (A-8)

Z ~
Aa = —_— =
s ~V+Xx

HxC
VA

The limited time available for this study has made it necessary
to consider only cne craft velocity of thirtyfeet per second. Computer
limitations prevent calculating the exponential in (A-8), 80 a con-
venient and nearly average depth, d, has been chosen as one foot. The
above then becomes:

z _Vo
A4 vV

2x
_ 0.237TH T
Now conslider the frequencies with which the craft will encounter
waves
{f = _'_*:Y‘S cps for head sea (A-10)
= -Y-:'Xg cps for {ollowing sea (A-11)
Craft geometry gives:
1.(2x)
) S 2018
= -12
$ cg 5 o degrees (A-12)
(g + 1) (2x) '
P = f ;\ = 28;0 degrees
Define, for laier convenience
oy ]
o - ——max (A-13)
AS ox
Recall, for later convenience, the relationship
sin &+¢.) = sinXcosd + cos X sind (A-14)

When X is a function of time and is a constant, the above becomes

sin (X +¢) = AsinX+ BcosX (A-15)
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where

A =cos {A-16)
B = sin ¢ (A-17)

A.5. Simulation of Water and Orbital Motion

In this study, the inputs to the si..ulator were orbital motion at
front and tail foils, and water surface at the sensing strut at the c.g.
A sinusoidal output, considerad as a cosine wave, was obtained from
an ultra-low-frequency oscillator. This wave was put through a
phase-shifting device consisting of capacitors and variable resistors.
The output of the phase shifter was adjusted until a 90 degree lag was
verified by Lissajous figures on a cathode ray oscilloscope. The
oscillator output {cosine) and the phase shifter cutput (sine) were
then taken through variable potentiometers to a 8anborn recorder.
The sine wave was attentuated by th¢ phase shifter, but the potenti-
ometers made it possible to egualize amplitudes of the two waves.
With ‘both a sine and cosine wiwve avallable it was possible by using
formula (A-15) to obtain a number of sine waves displaced by various
phase angies. Wiih inese waves considered o iave a voitage amplitude
analogoue to water wave amplitude, AS, it was then only niccessary to
attenuate the amplitude by the factor o-(A-13) to simulate the orbital
motion. The procedure is shown schematically in Fig. A-2. The
numerical values used are shown in Fig. A-3.
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FIG. A-2 SCHEMATIC DIAGRAM OF WATER SIMULATION,
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APPENDIX B

THE LONGITUDINAL EQUATIONS OF MOTION

The equations of motion are derived by applying Newton's laws of
motion for linear and angular acceleration to the hydrofoil craft. The
axis system used is i trim axis system, similar to the National Advisory
Committee for Aeronautics stability axis system for an aircraft. The
system is fixed to the craft and moves with the craft. The X axis lies
along the trim velocity vector and is positive in the direction of the
velocity vector. . The Z axis is positive downward at a right angle to the
X axis., The Y axis is at right angles to both the X axis and the Z axis
and is positive outward from the starboard side of the craft (see Fig. 2-1).

Restriction of the hydrofoil craft to motions in the plane of sym-
metry reduces the craft tc a three degree of freedom sysiem with three
equations of motion. These equations of motion have been developed by
Connors(s) for any craft configuration supported by two submerged
hydrofoils, one ahead and one behind the center of gravity. Removal
of the degree of freedom along th: X axis eliminates one of t_he.équations
of motion and all terms involving the deviatioa of the X component of
craft velocity from the other two equations. This amounts {c the remov:
of the phygoid (long period) mode. Amster(3) has shown this removal
has negligible effects on the short period and on the characteristics of
the complete system within the frequency range of interest. Also,
Amster has shown that the height derivatives are negligibly smal! when
the submerged foils are operating at least one chord length below the
water surface. With these simplifications and with the omission of the
strut drag terms and the change in thrust terms, the equations of motion
reduce to:
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T where ( ) is d( )/dt, time rate of change of variable.

O is the change in pitch angle, measured from the horizontal
to the X axis and is positive when the craft is tilted bow up
and stern down.
A is the change in the height of the center of gravity of the
craft from a reference height and is positive when the center
of gravity is higher than its reference value.
51. is the front foil deflection, and a positive value increases
the angle of attack.

is the moment of inertia of the hydrofoil craft about the

Y axis.
m is the mass of the craft.
Z, refers to the force coefficient in the 7. direction caused

by a change in the pitch angle. Other coefficients are de-
fined in a like manner.

Z,6 is the force in pounds in the Z direction caused bya
change in the pitch angle. That is, the coefficient multiplied
by the quantity in subscript will give the force in pounds.

M, refers to the moment coefficient about the Y axis caused
by a change in the pitch angle.

M,6 is the moment in pound-feet about the Y axis caused

by a change in the pitch angle.
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Howaver, the above equations were developed for a stationary rear
foil. The addition of a servo-controlled movable rear foil adds another
! - term to each equation of motion. These terme are Z St and M St
] t

and defined later in this appendix as Eqs. (B-12) and (B-22). & ¢ 15 the
rear foil deflection, and a positive value increases the angle of attack
at the rear foil.

Also, the cffects of orbital motion were not included in the above
u equations. Since orbital motion is a disturbance input to the craft, its
i ! effects must be included in the eguation of motion. - The effect of orbital
l
'
!

\
e

motion i8 to introduce an apparent change in the angle of attack at both
the front and rear foils. (Refer to Appendix A.) Thus two additional
T terms, one for orbital motion at the front foil QAa om )-and one for
orbital motion at the rear foil (D« oM 4, ), must be added to each equa-
§ tion of motion. These terms

e Vet A ar ~on o
Lﬁxo'\;Ao\onf 5 LM LA“‘-oMt ’ ‘l Axo“;LA oM, y @il ulagoutAocout

are defined in Eqs. (B-13), (B-14), (B-23) and (B-24).
Now. the resultant equations of motion of the hydrofoil craft are:

256 42,6 2,6+ (Zpam) K +Z b =

IR AW AN DURION

—Z cS- Z Zré- ZAxomgA IMg Z‘.;(outA ome (B-3)

AT CRPE IV TN AR R S

(Mg=T,)6+ M6 +M, B +Mi K+ M A =

_‘ll L_\A o AA -~ __\4 2 - N
W‘d", 6’ N\S, O, |V|6.‘Ot N\Aolom‘ I_\O(ow MM,.A‘L—)%MQ. (B=4)

Sl[, EN+ K, o,SL KzosL‘ (B-5)
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Zy= -5,V [+ £ Les N +5,4,V & +C°l

-25,d,VC,,—25.d.VC,, (B-6)

Z,= - [& cs vty N[gg \ -1
Z; = S. LN 5;5 + K, 79_',0,85 + K, -g,cc Ss (B-8)
2= - v 2 (8-9
£s= —5.LVN %;‘CE (B-10)
Z,= =5, V[ +sven (B-11)
Z= =SV’ aC‘"L_ (B-12)
2o S, v [%%“*rCLlJr S VEN % (B-13)
Ze = —SVN | (B-14)

M= =5, 4L, [d,R~LN|E +K, TS, 4 |55 4]
~K S L [‘4"" + 4] (B-15)
M= —S,VAd, [Cm o] ~5,va7 [ E2+c,)
+5V o+ (0o [d R =L N]+25,4, [4,0, -4, G, )
+25Vde [=2£eCo = de Coe ) (B-16
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M, = 5V, [l 5% +5,v3L [$2 + L),
+s Vi lL- 3(1 [dtR—)ZtN]

M= —5. 2 [ R-£NISE +K,3 2,5 [ 4]

i KtFZ_ NN \-.-% M L*-—.l

aCD . r -CL
M = —'(;svz'd-j [_]; b 55\/21’;{'37(1;
A
-5,V [l R—£,N] £

AL = 2 aC
o= —SY B - svU B,

Micms svis e 32)+svie 52 +Go),
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(B-17)

(B-18)

(B-19)

(B-20)

(B-21)

(B-22)

(B-23)

(B-24)

(B-25)

(B-26)



N o= & 1.+ Coy = € e {%%;L (B-27)
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It may be important to note that the effects of time lag in force
buildup on the hydrofoils has been neglected. When a foil is suddenly
deflected, a finite time interval elapses before the new flow pattern
is established The small amount of experimental work with these
delays has indicated that the time lag is negligible. (1)
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APPENDIX C

DERIVATION OF THE LONGITUDINAL RELATING FUNCTIONS
OF THE HYDROFOIL

C.1 General procedure and assumptions

The relating functions of main interest in this thesis are those of the
craft itself because they are a consequence of the basic physical relation-
ships and are necessarily present in the analysis. These functions relate
pitch angle and height to elevator and wave motion.

The relating functions are obtained by taking the Laplace Transform
of the equations of motion (B-3) and (B-4) with zero initial conditions, and
solving the resulting determinant for the desired relating functions, where
[RF]( )[a in; q out] is defined as the ratio of two polynomials in the Laplace
transform p, with p equal to the complex number a + jw. For the steady-
state frequency analysis used in this thesis, the real part of p is zero, so
that p = jw.

The transformed function usually carries a supé'rscript establishing it
as a function of p, but in this thesis the notation is dropped to avoid any
confusion with vector notation. It should be assumed, therefore, that
variables appearing in equations as Laplace transform p, represent trans-
formed variables.

C.2 Suminary of short period mode longitudinal relating functions

The relating functions are:
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Sk [a, p'5+w4y2+a,ﬂp+1]
+ ‘I‘"*p"f 1]
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[RFIH) = S]v&l_ '\‘L: J’:Lo‘fy b j
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In calculating the hydrofoil characteristic equation parameters (C-39)
and (C-40), use is made of the relation M, Z; - My Z, = 0 which is seen
to hold from the definitions of the stability derivatives in Appendix B.

The relating functions as stated above apply to the system as
studied or. the Flight Control Laboratory Analog Computer. It shouldl
be noted, however, that in Eqs. (C-9) and (C-13), the numerator is
only one order lower than the denominator. This representaiion, a
slight departure from the entire physical picture, arises because some

Fe i Lo B T T

e T8

st e |3

§ terms are omitted from the ariginal equations of motion. A change in

f frent foil deflection causes changes in forces at the rear foil. Some
f é terms in ihe equaiions Gescribe the magnitude of these foree changes:

gﬁ, these terms have been retained. Other terms describe the time delay
| g between a front foii deflection and its effect at the rear foil; these terms
: @} have been omitted. The result of retaining some terms of the equations
b8 of motion while neglecting certain other corresponding terms is that no

fe %i factor expressing the force change time delay appears in the denominator

5 g of the relating function. Tor a more consistent view, either the front

i foil deflection rate terms could be removed, or else the force change lag

retained. Since in any event the terms added or removed have been
found to be small, the effect of any of these changes will be insignificant.
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APPENDIX D

CLOSED LOOP CONTROL SYSTEM AND LONGITUDINAL MODE
HYDROFOIL PERFORMANCE

General procedure

The method adopted for analysis of the closed loop control system
of the longitudinal mode is to divide the system into loops, analyze each
loop separateiy, then combine the results and apply inputs to get the closed-
i6Gp system responses. Since the altitude-control loop is unstable by it-
self, the tight-loop pitch-control system must be functioning in order to
study the height response of the craft on the simulator.

Steady-state sinusoidal frequency techniques are employed in this
appendix. Thic hagic procedure is described in any standard text on tie
subject.(16)

To check the system on the computer, the pitch-control loop paint
of neutral stabiiity is determined with the altitude - control loop dis-
connected. Then with a chosen value of gain in the pitch~-control loop
and both loops connected, the totai system is brought to the neutral point.
This gives a one-point check on the overall computer wiring connections.

Numerical values of parameters iised

The numerical values of the Gibbs and Cox craft are included in
Table D-1. These values are used in this thesis.

Some of the relating functions defined in Appendix C show second~
order factors. These particular values of parameters in Table.D-1
result in7> 1 for some of the second-order factors. In these cases, the
second-crder factors break down into two first-order factors, but the
general definitions as second-order factors are still valid.
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TABLE D-1
; |
! Y att 30 ft/sec W 3,000 Ib
! é Zg 143 Ib/rad/sec? (1,~Mg) 3236 1bft/rad/sec’
Z, -1,920 1b/rad/sec M; ~24,000 1b ft/rad/sec
Z, ~42,600 1b/rad M, 15,700 1b ft/rad
&
; (Zgem) 131 1b/ft/sec? M;; 56.3 Ib ft/ft/sec
; Zy 1,421 1b/ft/sec My ~524 b ft/ft/sec
é- Z. ~751 Ib/rad/sec M, =1,709 1b ft/rad/sec
o1 f |
- A ~11,300 1b/rad M 83,500 1b ft/1ad
; 81 | St
b z -31,700 1b/rad M_ -79,800 Ib ft/rad
f
g vA ~11,209 1b/rad M 87,200 1b ft/rad
i Aom, ’ A%OM,
U g Z ~31,306 ib/rad M ~71,200 1b ft/rad
% Aoom, ’ AoM,
g Lg 5.6 it W ng, 30 rad/sec
; § Lt 2.4 ft wn_ 30 rad/sec
| § ) 8.0 ft 0.7
7 ng
c 0.721 ft : 0.7
% f‘ f ntS
i :“ r(gy) ' 8.0 ft ’Z:' sm 0.01 sec
‘ :% dt 3.75 1t Ag 1.5
ik 8¢ 3.91 t? Ay 15.0
Yo L .
B
B S 7.82 £
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Piteh control system gain-phase diagram

The simplest method of applying ordinary servo techniques of anaiysis
to this system is to separate the loops. The gyro-monitored pitch~-control '
loop is considercd first. When analyzing this pitch-contrel system, the
altitnde~control loop and its associated componeats are disconnected from
the system.

Figure (D-1) is an open loop amplitude~phase plot with frequency as
a parameter. It can be used to check the computer by increasing the loop
gain on a potentiometer of the computer until the system becomes neutrally
stable. The frequency of oscillation of the system corresponds to the fre-
quency of crossover (where the phase angle equals minus 180 degrees). The
value of gain on the potentiometer corresponds to the value of gain necessary
to displace the curve of Fig. (D-1) to the right so that the crossover fre-
quency coincides witk an amplitude ratio of unity. This is the point of
neutral stability, where the open loop relating function equals minus cne
(the denominator of the closed-ioop reiating function goes to zero). If the
frequencies and the gains from the computer and from the gain-phase
diagram are equal, it is an indication that the problem is being simuiated’
correctly at least at the higher frequencies.

Pitch coairol system

Pitch angle is to be maintained by deflecting the front foil in response
to commands from a single-degree~of-freedom integrating gyro. Other
componenis in tke loop whick are necessary to accomplish this control are
a front foil servo and a lead-lag signal modifier network. Performance of
these components is best described by specifying their relating functions.

[ R Fj (su)te,. ] = S(eu) b=
T = o s» + 1 D=2
IR ﬂ\sw[e;e] o "SM) \— o o

L L(sm)'P' + 1
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[RF] = S‘FS) 1
(FS)e; &) .E’z + ZZFSP +1
whl:s hFS

From Egqs. (C-9) and (C-11):

[RF., [w,, + P
At .-‘&,o] P’ (wn“) +a{:”'p *1‘]

593 [T"S'P & l—j
-2:) +§_/MIP+ 41

w.," 4]

[R F](H) [Ax o,;?]

The open loop relating function is;

RFL,= R, o R R R o

(D-3)

(C-9)

(C-11)

(D~4)

By looking at the runct‘.opal diagram, Fig. (2-2), it is seen that the
closed loop relating function for an orbital motios: input on the front Inil

and pitch angle cutmut is:

: — [RF]( Bricngi0] .
[R'Flﬂs’[m...w] W
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Response of the pitch control system to sieady-state sinusoidal orbital
. motion inputs is shown in Figs. (D-2) and (D-8) where the response is plotted
as a function of frequency.
A frequently used criterion for good system performance is-that th2
prak amplitude shall not be greater than 1.3 times the amplitude at very low
: frequencies. The best value of open loop gain found experimentally cor-
responds very closely to the gain determined analytically as necessary to
meet this 1.3 criterion. This experimental value of gain (S(OL)I = 7.1) was

B : used in the closing of the pitch control loop.

A further use of the closed loop response in Figs. (D-2) and (D-3) is
to compnletely check the computer response of the pitch control system.
| This is accomplished by putting sinuscvidal disturbing inputs on the front
! foil and comparing the computer oscillograph record of pitch angle and input
orbital motion amplitude (for a particular frequencyj with the corresponding
peint on the analytical solution of Figs. (D-2) and (D-3). The advantage of
this check is that it can be used over the entire frequency range.

Altitude control system

@Y e

AVbidaesda b tan
nu..u.uuc ‘D is maiﬁt&iﬁad b:y' an Aaflasbian Al tha raar £ Gnﬂ in recnonca

a deflection of the sponce
; | to commands received from a strut located at the center of gravity of the

5 _ craft. The other componexnt in thc altitude control loop necessary to ac-

i compush this control is a rear foil servo. These components can be de-
+ribed by the following relating functions:

3 & . L i
e e o LEE )

b [“;: i."e] - E’(SE) (D-6)
- F‘
i f .
| . Sws) L L ]
i k5 f—l SHRS) Py B
o S0 l_l'\f‘Jpr.)Le-.ﬂ r( Z L Ldhes ¥ . 1'] (D-T)
AT Wh&s W ps

The relating funetion (C-14) of the hydrofoll craft fcr a rear foil

closing the pltch control ioap anda consldering the pitch cont.rol system as a
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part of the altitude control system, a stable relating function can be derived
for the altitude conirol system.
From Fig. (2-2), the following equations are seen to be correct.

0 = [RFlgs 8 + [RFkug s (0-9
& =R F]“'“)@;e] IR ﬂs"\)cc;el R ﬂ(ss;& 61 9 . G
A =RF & R 6 (D-10)
e .'\_-R ﬂ(ﬂ)w,e] {R F—L‘S)te;s] A . s

Ccmbining the above equations gives:

R F:'LP\CS)O\_:: {[R F-L"S)Ecs&:l R F]‘SE’EMC] } =

[R FlPCS)OL [R Flﬂ)tﬂ.; 8] (D-12)
n)r_ 4| [R ﬂw[ Iy IRFl
& SpRlE 1+ LR F_;(pc.s)nL [R Flﬂ)[c,;e]

From Figs. (D-2) and (D=8), the relation of the pitch control system closed
inop for a foil deflection input and a pitch angle out is seen to have a
magnitude of 0.72 and a phase angle of 138 degrees at a frequency of 13.1
radians per second. Thus, if one goes through the algebra, the relating
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function +f the altitwds control loop has the point of neutral stability at
S(S“_)S(rs) equal to 0.80 with a frequency of 13.1 radians per second. These
values were used as the overall system check of the computer. (See

Figs E-l)o
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APPENDIX E

SIMULATION OF THE HYDROFOIL CONTRCL
SYSTEM ON ANALOG COMPUTER

Figure E-1 is a diagram of the simulated hydrofoil control system
as used to study the steady-stzte sysiem responses to sinusoidal inputs.
The diagram contains four basic electronic components: the integraior,
represented by a triangle changes the sign and integrates the input with
a gain of ten in one-tenth real time; the summation amplifier, repre-
sented by a rectangle, amplifies each input by a factor of one. five or
ten, changes the sign, and sums the result; the attenuator, represented
by a square at the input to either an integrator or an amplifier, attenuates
the input by a factor of five or ten; and the poteniiometer, represented
by the circle, attenuates the signals according to thz potentiometer
setting. The basic components are arranged so that the voltagc responee
represents the response of the physical system.

The complete simulated system was excited by a combination of
sinusoidal inputs representing orbital motion at the frort and rear
foils and sea surface at the center of gravity of the craft (refer to
Appendix A). These inputs and the response of the craft were recorded °
on a four-channel Sanborn recorder. These quantities were measured
at the points indicated on the diagram.

The equations simulated here are Eqs. (B-3) and (B-4) of Appendix B
and Egs. (D-1), (D-2), (D-3), (D-6), and (D-7) of Appendix D. Equa-
tion (B-4) is broken down into X and Z forces, and the momenis are
calculated by the computer. Constant coefficients are assumed for
these equations so that potentiometers can be used rather than active
networks. The potentiometer coefficient settings for the above equa-
tions are:
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%C;(g)f S q

Al = 0.503 =

{000
Y-
A2 = 0.395 = (c.- 5% )f‘ S g
/7000
ds
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- _ 2
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o
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z
AT = 0.257 = CDfoPAVoﬁ-
/700
A8 = 0.640 = _ A
de
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&
A10 = 0.207 = 2 (4 + 4 5%
V
| Coe Sep V 4
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R00
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B
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