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TEGHNIQUE OF ANALYZING PROPOSED SERVOMECHANISMS

By
William R. Ahrendt

The Ahrendt Instrument Co., Collega Park, Nd.

The purpose of this paper, which deals with the elementary concepts of servo ana-
lysis, is to prepare for the more original and more significant papers which follow.
In this paper we shall discuss some of the methods of analysis available to the de-
signer of feedback control systems. Of course, the techniques described herein are
recognized as guides to design, rather than means of determining the final answer.

The final choice of design is the result of experiment - in the laboratory and in the
field. The mathematical methods described herein are also a useful adjunct to labora-
tory experiments. If the equipment is physically available, a much more accurate
evaluation of the system and its components can be made by a judicious choice of tests
using extensions of the methods herein described to interpret the data. This paper
presumes, however, that the apparatus is not yet constructed, and it is desired to
analyze proposed systems to evaluate their merit.

The method used comprises four steps which consist of (1) obtaining a physical
schematic of the system, (2) drawing a block diagram, (3) analyzing the elements and
(4) analyzing the system. Later papers will apply aspects of the method to problems
of more practical value. The methods described are restricted to linear systems, or
those which are nearly so. Linear approximations can be used for many physical sys-
tems in order to simplify the mathematics. The methods of analysis are also res-
tricted to continuous systems, although the transient and frequency techniques des-
cribed herein can be applied to discontinuous, or on-off, systems as well.

The first step. of analyzing a servomechanism is to obtain a physical schematic
of the system, which shows the salient features of the device. The next step is to
reduce this schematic to a block diagram which discards the information unessential
to analysis, and is concerned with the functional aspects of the apparatus. The pro-
cess of formulating the block diagram reduces the system to a number of interconnected
elements, each of which can be analyzed separately. The third step consists of ana-
lyzing each part of the system, by writing differential equations and transforming
them by operational means. The fourth step is to analyze the system, either in terms
of its transieént. response to arbitrarily selected signals, or its steady state res-
ponse to each of a number of sinusoidal signals of different frequencies.

In order to analyze a servomechanism without the confusion of a variety of elec-
trical circuit components and wires, hydraulic components, and plumbing, and other
miscellaneous servo components, it is desirable to represent -a complex system by
means of a mach simplified diagram. One such simplification results from using a
schematic diagram, rather than drawings of the equipment itself. The schematic dia-
gram shows the principle of operation of the physical equipment, but such details as
source of hydraulic fluid, the sump, the cables, the pulleys, and so on are omitted.

A physical schematic of a simple hydraulic servomechanism is shown in Figure 1.
But even a clear schematic circuit diagram is difficult to analyze, because of the
quantity of extraneous physical equipment represented. Block diagrams, which are con-
cerned only with the functions performed by the equipment, permit visualization of

- 106 - A




the system operation much more simply.
Problems of synthesis and design are also
more conveniently attacked if the equip-

ment can first be “designed” in the form
of blocks having the desired performance
characteristics.

A block diagram of a servomechanism
is a graphical representation of the flow
of information and the functions performed
in the system. Blocks are used to denote
functions performed by parts of the equip-
ment, and lines represent the flow of in-
formation with arrowheads to indicate di-
rection of flow. An amplifier, electrical
or hydraulic, can be represented by a block:

the signal input is a line entering the
CYLINDER E_'E block, and the signal output is another
0= line leaving the block. Functions which
Fig. 1 might be represented by block diagrams are
those performed by amplifiers, (electrical,
hydraulic, and mechanical), networks,
motors, generators, mechanical assemblies, hydraulic valves, and many others. These
aggregates of equipment, each of which performs a function, are known as elements.
The information signals, whith are represented by lines, might be electrical voltages,
flow of hydraulic fluids, the angular positions of shafts, or any other quantitative
means of denoting information.

No effort is made to convey the functions of an element by the shape of the block.
Neither is there any differentiation made in the block diagram if the system is elec-
trical, pneumatic, hydraulic, mechanical, or a combination of them all. By clearly
showing the functional relationship of the various elements, the block diagram of a
system aids in determining the influence that action of one part of a system has upon
the others. Because the block diagram is not concerned with the particular manner in

which a function is accomplished, the similarity of apparently unrelated systems is
revealed.

The block diagram is concerned only with the flow of information and the func-
tions performed by the equipment. In examining an entire system or its schematic dia-
gram in order to draw its block diagram, it should be possible to recognize the func-
tion performed by an element or a group of elements. The entire system will be made
up of these elements and groups, and each of them can be represented by a block in
which are written words which describe the function, or which describe.the equipment
itself and imply the function. Later in the analysis, written descriptions may be
supplanted by mathematical descriptions of the functions performed. The interrela-.
tion of the various blocks is likewise determined. The procedure, then, is to study
the operation of an element in order to recognize its function, and to study the re-
lationship of the various elements to learn the interconnection of the blocks. The
results of this analysis are used to coordinate the blocks into one diagram, which
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shows the operation of the

*._ SUBTRACTOR entire system. The block dia-

gram of the system of Figure 1

x| X, ~X X is shown in Figure 2, assuming
1 2 2 load disturb .
VALVE}={CYLINDER rtl}t:e ::rvom urbances acting on

The third step of the
analysis, after reducing the
schematic diagram to the block
diagram, consists of analyzing
the individual elements.

Fach of the elements of the
servo has an input, which may
be a shatt displacement or rotation, a voltage, a current, a torque, a flow, a pres-
sure or a variety of other ways of conveying information. FEach of the elements also
has an output, and the medium in which the information is expressed may differ from
that of the input. That is, the element may have converted a voltage into a displace-
ment or a force, or a position into a flow. A time plot of the input and output of a
device may have the same appearance and may not, depending upon the dynamic charac-
teristics of the device.

An example of a device which has an exact correspondence between output and input
is a gear box, in which the output shaft duplicates any motion of the input, with a
fixed reduction of angular displacement. A plot of input angle versus time and cutput
angle versus time would look exactly alike, except for the angle scale factor of the
plot equal to the gear reduction. On the other hand, consider an electric motor, to
which is applied an electric potential which varies with time. A plot of the angular
position of the shaft of the motor, while bearing a relationship to a plot of the
voltage input, certainly does not duplicate it. In a similar manner, elements of hy-
draulic systems in which inertia, leakage, and compressibility are considered may have
outputs which bear no resemblance to their inputs. Yet, servomechanisms are made up
of many such elements whose inputs and outputs are all interrelated and combined in a
variety of ways.

For systems (including any elements of a system) which are linear, there is a
convenient method of expressing their properties. Although this techpique is confined
to linear systems, a device may very often be idealized by assuming linearity as a
good engineering approwimaticn. A linear element is completely defined by its trans-
fer function, which is a mathematical expression relating the output of the element
to its input. It is possible to determine the transfer functions of the various ele-
ments of a servomechanism, and then combine them to examine the transfer function of
the entire system, thus permitting the analysis to take place in gradual steps. Before
arriving at the transfer function of an element, however, it is usually necessary to
write its differential equation of motion. After differential equations are written
which relate the output of an element with its input, a simple step produces the trans-
fer function, which completely defines the output response for any possible input
stimulus.

The differential equations of the element are written, based on Newton’s %aws
and various laws relating to pressure and flow. In order to write these equations
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with any degree of accuracy, it may be necessary to revert to the original drawings
or design of the equipment, and to call upon experience to furnish reasonable values
of the parameters. Experience will also aid in taking all the significant character -
istics of the element into account. Such factors as leakage, compressibility and the
presence of disturbances may not be obvious from the schematic diagrams. Assuming

the system of Figure 1 to be highly idealized, we have the following equation describ-
ing its elements: q=K (% ;-x,) 0

x2=K2fq dt (2)
where ¢ is the volume flow rate from the valve to the cylinder.

The next step in obtaining a system’s transfer function is to transform the equa-
tion to a function of a complex variable. This is done by means of the Laplace Trans-
formation, and each term of the differential equation is transformed from a function
of time into an algebraic expression, even though it was originally a constant, a time
derivative, a time integral, or one of a variety of other functions. This transforma-
tion takes place using a table of Laplace Transforms, so that the transformation in-
volves:

1. Finding the function of time ¢ in the table v

2. Substituting in the original expression the transformed function of s corres-

ponding to the function of time

Instead of ¢ appearing as a variable in the transformed expression, a new quan-
tity s appears, which may be treated as a symbol following all the rules of algebra.
The system is assumed to be at rest initially. The original differential equation,
relating the output of an element to its input, has been transformed, by mechanically
substituting for each time function in the equation, a new function of an algebraic
quantity s . Most transfer functions can be obtained by use of the transform equiva-
lence of s and d/dt. Equations: (1) and (2) are transformed as follows:

Q=K, (f; - X,) (la)
Xy = Ky (2a)

Capital letters are used to designate functions of s, the complex variable of the
Laplace transform, to distinguish them from their lower case counterparts, the func-
tions of time t.

The transfer function of a linear system may now be defined as the ratio of the
transform of its output to the transform of its input under the condition that the
initial values of both input and output quantitives and all their time derivatives
and integrals are zero. Having a transformed differential equation which relates
the two, one merely has to solve for their quotient, following rules of algebra. The
transfer function G, of the valve is therefore

G, =K,
and of the cylinder is

G, = K2/s
The fourth step of the study is the system as a whole, either by transient or

frequency analysis. What has been done so far is to determine the characteristics of
the elements making up the servomechanism. By dealing with these small parts, the
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analysis is much simplified. The block diagram describes how these individual charac-
teristics are combined to describe the entire system. The equations implied by the
block diagram can be used to determine both the transient response of the system to
arbitrary signals and its frequency response.
The block diagram of Figure 3 des-
) cribes a typical single loop servo-
—_—{ N i mechanism, in which.C, the con-
trolled variable, represents the
actual position of the member being
R + e + ] positioned, R is the reference
P G —  input, the desired position of the
member, and G is the transfer func-
tion of the mechanism which tends
to make those two quantities equal.
The disturbances or upsets [j repre-
Fig. 3 sent effects which tend to affect

the controlled variable, other than
by action of the servo itself. The nomenclature used is that.recently adopted by the

ASWF. and AIEF, and again capital letters indicate transforms.

From this block diagram, we obtain the following equation:

E=-—d_R-_1_WN (3)
1+G 1+G

From the above equation, we may obtain the transient response to any reference input
variation or disturbance that can be expressed analytically, or using more advanced
methods, to any stimulus that can be expressed in the form of a curve as a function of
time. We may also use it to obtain the steady state frequency response of the servo.

The transient response of a servomechanism is extremely important; the device is
constantly responding to reference input variations and disturbances. Its entire
operation is a succession of transients - the servo rarely achieves any steady state
condition. In a sense, its input may be likened to that of a telephone circuit, which
receives nothing but transients in the form of ever changing syllables of speech.
The criterion of a servo’s excellence of performance is its ability to deal with the
reference input variations and disturbances it encounters.

Despite the importance of the transient response of servomechanisms to stimuli
they actually encounter in service, we will discuss only the response of the servo to

‘highly idealized signals, in order to simplify the discussion. Py subjecting the

servo to certain idealized signals, and comparing the response of the system to one
known to be satisfactory for the application or similar application, one can see if
the proposed system is satisfactory. The response may be determined by analytical
means or analogue computers. The analytical means consists of determining the inverse
Laplace transform of the system equation (equation 3). The use of an analogue com-
puter, or model, consists usually of introducing the various system constants to the
device,and letting it calculate the solution. This latter method will be discussed
in one of the later papers.

Before obtaining the transient response of the servomechanism to some arbitrary
stimulus, the stability of the system can be investigated. The stability of the
system is a property of the system, in no way related to the disturbances or reference
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inputs applied. It is determined solely by the total loop transfer function G of the
servo. If the location of the roots of 1+G are known, it is known whether or not
the system is stable. As a matter of fact, the denominator of equation (3) may be
put in the form of an array, and stability determined using Routh’s criterion without
the effort necessary to locate the roots of the equation. If the system is unstable,
the array sill show what changes can be made to the system parameters to make the
system stable. After the stability of the system is assured, a test change ofrefer -
ence input or disturbance may be introduced in the equation, the inverse transform
extracted, and plot of the variable of interest made as a function of time. If this
variable is the error, the error response of a typical servo to a step change in
reference input may appear as in Figure 4. Of course, the response to the step change
could have been drawn before determining
system stability, and that is what the
computer would do. Instahility would
then be shown by oscillations of either
e constant or increasing magnitude or by
ever increasing error with time. In a
manner similar to the above, the response
of the servo to the torque load distur-
, bance can be calculated.
N t The frequency response technique,
on the other hand, |does not involve the
solution of differential équa;ions. A
) study is made of the steady state res-
Fig. 4 ponse of the servomechanism to sinu-
soidal signals of each frequency from
zero to infinity. Widely used in the closely allied field of electrical communica-
tions, the technique is employed to ievaluate the performance of audio amplifiers,
telephone filters, ‘and related apparatus. If the system’s response to sine wave
signals over a range of frequencies has certain characteristics, it is known to be
satisfactory im its actual application. o

Although requiring some experience in order to interpret the results of tests
and analytical studies, this method is found to be a convenient and effective design
tool. The performance of a servo under actual operating conditions may also be pre-
dicted using frequency data. By means of sinusoidal responses, the margin of stability
of a servo is determinable, along with data telling how much each component is affect-
ing the stability of the system. Such information can be used to improve component
design. Either empirical or analytical data are relatively easy to obtain, and the
results of experimental and analytical investigations may be combined.

It is a characteristic of any stable linear system that if the input is excited
with a sinusoidal function, the system will undergo transients, and the output will
ultimately become sinusoidal at the same frequency. If the system under investiga-
tion is a servomechanism, and the reference input shaft is oscillated sinusoidally,
the controlled shaft will oscillate at the same frequency, but not necessarily with
the same magnitude or phase as the reference input.

If the reference input shaft of any practical servomechanism is oscillated at a
very low frequency, the amplitude of oscillation of the controlled shaft will be very
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nearly equal to that of the reference input, since the servo follows very accurately
at low frequencies. At -a very high frequency of oscillation of the reference input
(above 5-50 cycles per second, depending upon the servo) the controlled shaft does not
move at all. Its amplitude of oscillation is zero. The error, however, is equal to
the reference input, since the controlled shaft is stationary. In general, at some
intermediate frequency, the controlled variable and the error will be oscillating
sinusoidally, with amplitudes depending upon system parameters.

Typical plots of the ratio of
controlled variable to reference
input amplitudes and error to refer-

14 ence input amplitudes are shown in
(o] Figure 5. These are designated as
I-—-I the magnitude of the control ratio
R and the error ratio respectively.
For systems ordinarily encountered,
either one of these curves gives
0 w the same information about the sys-
tem that the transient response to
a step change of reference input
| does. As a matter of fact, it is
E possible to obtain one from the
i;- other, although this is rarely done
because of the effort involved.
__J Again, if one knows the frequency
0

L 3

response of a system known to be
satisfactory for the same or a
similar application, and if the
proposed system duplicates the fre-
quency response, the new system will
be dynamically satisfactory.

Other facts can be generalized from the curves as well. For instance, the
higher the peak value of either of the curves, the more oscillatory.is the system.
In most servo design, the peak value of either curve is held below 1.5. Another fact
learned from examination of either curve is that the higher the frequency at which
the peak value occurs, the faster the servo will respond to reference input varia-
tions. This may or may not be desirable, depending upon the application, and also the
expense, weight, and complexity necessary to make this peak frequency high.

It is desirable to be able to calculate the steady state sinusoidal response of
a servomechanism from a knowledge of the transfer function G of the servo loop. The
well known method of accomplishing this is to substitute Jw = 2vf for s in the follow-
ing expressions for error and control ratios.

Fig. 5

Error ratio = 1 = 1
11G(s)  11G(jw)

Control ratio = -G{8) _ G(j?)
11G(s) ~ 11G(jw)
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The expressions resulting will be complex, having magnitude and phase. The magni-
tudes of the expressions are the magnitude of the error ratio and the magnitude of
the control ratio respectively. For the idealized system of Figure 1 these ratios
become:

Error ratio = 1 = 1. = il (4a)
1+ KIK2 1+ KIK2 K1K2+jw
s jw
Kk, Kk,
) s Ju KK,
Control ratio = = = ' (5a)
1+ K&K g KK, Kot ju
s Jjw

In analyzing a servomechanism to study the effect of its component design on over-
all stability and performance, the transfer function yields more information than
the effectiveness ratios described above. The most useful form in which to put this
information is the transfer locus, which is a parametric plot of the vector ratio in
magnitude and phase of the systems output to the input as a function of applied fre-
quency. For each value of frequencyy, the transfer function is evaluated as a
specific complex number (by setting S=jwi ), which determines a point on the complex
plane (a graph on which the horizontal coordinate represents the real part and the
vertical coordinate represents the imaginary part of a complex number corresponding to
the point). If the values of the transfer function are found for all frequencies in
a certain range, a series of corresponding points may be found on the complex plane,
and these jointed together to form the transfer locus. Although each point on this
graph is plotted for a given frequency, the frequency itself does not appear as one
of the coordinates of the graph. Rather, various points along the curve are labeled
according to the frequencies with which they correspond. The transfer locus of output
to input of a system is usually plotted on polar coordinates.

Stability of the servomechanism is revealed by the shape of the transfer locus
of G, If the servo is unstable, the transfer locus will enclose the point =1+j0 of
the graph. A precise determination of whether ‘or not the point is enclosea involves
the use of complex function theory, but the following simplified criterion will be
correct in almost all cases encountered. Imagine a string fastened to the origin of
the graph and lying along the G locus so that the string and the locus are coinci-
dent. Imagine further a spike of infinite height errected perpendicular to the com-
plex plane at the minus one point. Grasp a point on the string corresponding to a
very low frequency point on the locus. Pull the string taut and, if necessary, rotate
the string counterclockwise about the origin until it lines up with the positive real
axis, If the string does not loop the infinite spike (the minus one point) as a re-
sult of these operations, the system is stable, otherwise it is unstable.
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By analyzing the effect of each of the servo elements on the shape of the

transfer locus, it can be seen how much each is contributing toward stability of in-

g stability of the system. Furthermore, one can also
determine what elements are contributing to the
.effectiveness of the servo, that is, what elements
are causing the error ratio to be small over the
range of frequencies of interest. To do so requires
a method of obtaining the error and output ratios
from the G transfer locus.

If one has obtained the open loop transfer locus
either experimentally, analytically, or a combina-
tion of them both, it is a simple matter to obtain the
error ratio and the control ratio. On a representa-
tive transfer locus shown in Figure 6, a line from
the origin to any point on the locus represents the
magnitude and phase of G for one frequency. That is,
the length of the line is the magnitude and phase of
Fig. & G for the frequency designated at point P, and the
phase angle of G is the angle from the positive real
axis to the line. The vector sum ItG 1is obtained by adding 1 to G. Application of
the parallelogram law shows that a line from the minus one point to P represents the
quantity I1+G , and phase is given by the angle measured clockwise from the real axis
to the line. The error ratio is given in magnitude by the inverse of the length of
this line. The magnitude of the control ratic i1s the ratio of the lengths of the two
lines.

The above paper presents but one aspect of the technique of analyzing proposed
servomechanisms. Actually, there are many variations in present usage. An excellent
extension of the above described methods uses logarithmic presentation of the data, a
technique often used in servo design. Mathematical methods, such as described above,
have been successfully applied to many problems of analysis and evaluation. It is be-
lieved that their adoption, rather than resorting solely to trial and error, results
in engineering economy even though the training and experience necessary on the part
of the engineer may increase the initial cost. The ultimate result is an economical
one.

It is not implied, however, that mathematics can take the place of field and
laboratory tests. Rather, it is affirmed that many tests are rendered unnecessary
by making mathematical analysis, that many tests are more expeditiously conducted
and the results more accurately interpreted by using these methods, and that redesign
of the servomechanism to improve its characteristics is more economically accomplished
through the techniques mentioned in these paragraphs.
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AN ANALYSIS OF NORTHROP AIRCRAFT POWERED FLIGHT CONTROLS

By

Duane T. McRuer

Northrop Aircraft, Inc., Hawthorne, Calif.

Introduction

This paper presents an analysis of a typical Northrop fully-powered hydraulic
control-surface actuator. The purpose of the analysis is to develop the “ transfer
functions” and the most important “‘error coefficients” of the mechanism so that ordi-
nary servomechanism techniques may be used in the design and further analysis of this
type of system. While the analysis applies strictly to only one geometric configura-
tion, the results may be (and have been) easily modified to apply to several other
variations of this general type of mechanism.

The type of mechanism discussed is both inherently and purposely non-linear for
almost all large input amplitudes; also, the system is complex enough to make a non-
linear analysis difficult and lengthy. Therefore, the approach used considers small
perturbations about steady-state operating points. This restriction is ordinarily
unimportant, since normal mechanism inputs from the pilot or autopilot are small
changes from a steady-state condition.

The development of this paper will proceed along the following lines: The system
equations of motion are derived; from these equations of motion the transfer functions
and a hlock diagram representation of the system are developed; a series for the
steady-state error of the mechanism is derived; and approximations found valuable in
practice are introduced. A table of symbols used is found on the next page.

I. Description of the Servomechanism

The servomechanism considered in this paper is a valve-cylinder hydraulic actua-
tor of the type used in Northrop fully-powered control systems. The valve housing is
integral with the cylinder and the valve is ported in such a manner that the cylinder
moves in a direction tending to decrease any existing valve displacement from neutral.
The double-ended.piston is fixed to the aircraft structure; the load displacement is
that of the cylinder relative to the piston. The load consists of an effective mass
due to the inertia elements of the cylinder and control surface, an effective vis-
cous friction due to the damping of the control surface and an effective spring force
due to the control surface hinge moment. Also opposing the cylinder motion are the
stiction and coulomb friction forces. Hydraulic leakage in the system is confined
to the small neutral leakage purposely built into the system.

A schematic diagram of the system is shown in Figure 1.
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SYMBOLS

Effective cross-sectional area of cylinder.
Viscous friction coefficient as seen by the cylinder.
Sur face viscous damping coefficient.

Servo error; valve displacement from its neutral position. E
has only one time derivative, € is a perturbation.

Moment of inertia of the surface.

Spring constant as seen by the cylinder.

A gain constant.

Spring constant of the surface (hinge moment gradient).
Effective moment arm from surface to cylinder.
Effective mass load of the cylinder.

Mass of the cylinder.

Bulk modulus of the hydraulic oil.

Pressure drop across the valve.

Pressure drop across the piston.

P, has only one time derivative, p, is a perturbation.
[

System pressure.

Flow from valve. Q, is a constant, g, a perturbation.
Flow into the cylinder.

Compressibility flow.

Flow tending to move cylinder.

Complex variable of LaPlace transform theory.
Time.

Input velocity (valve velocity relative to airplane).
Cylinder velocity relative to ‘aircraft.

Volume of oil under compression.
Change in volume of o0il under compression.
Angular frequency.

Angul ar undamped natural frequency.

Damping ratio.
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Fig. 1 - Schematic diagram of Northrop fully-powered control system

II. Development of Equations of Motion

A. Servo Error

The error E of this servomechanism is the difference between the valve displacement
relative to the airplane (fVidt) and the cylinder displacement relative to the air-
plane ([V_dt).

There fore:
d E d
(1) t = E—t (Eo te) = Vi - Vc = (Vi - Vco) + '(vi _vc)
A [
where V., V. and E, are steady-state quantities and v, o v, and € are
[ -] o -]

small perturbations from the steady-state.
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Hence:

(2) d € . dE

or in Laplace transform notation, with s as the complex variable of the trans-
form theory.*

(2a) €(s)= P ()T v (5) - x, (s) =X, (s)
S

B.. Flow from the Valve

The flow from the valve may be expressed as:

(3) Q = f®EP, = fE)IP, -P,

To linearize equation (3) it is necessary to use a Taylor's series expansion, 1i.e.

(4) Q= f( P,P) = f(,+e P, +p,P, +p)
) 30 20
- Q f “a‘"gﬂ € "z‘a‘g“_, P, t "a'?il pet .
P,.P, P_E P,.E
and,
(5) 9,0,7Q,

Combining equations (4) and (5), the perturbed flow from the valve is (dropping the
notation of constants on the partial derivatives)

0% 4 2%, , 206

= : +
(6) qa. aE apspa aP pc

Typical variations of valve flow with pressure drop across the cylinder, with valve
displacement held constant, are shown in Figure 2a. Typical variations of valve

flow with valve displacement from neutral, with pressure drop across the cylinder
held constant, are shown in Figure 2b.

* Laplace transforms shall be used throughout this paper. However, any of the equations

developed cah be converted to Fourier transforms or frequency response relationships by
replacing s with jow,
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Variation of valve flow Varaition of valve flow
with pressure drop with valve displacement
across the cylinder. from neutral.
(Valve displacement from (Pressure drop across
neutral constant) cylinder constant,)
(a) ()
Fig. 2

Figure 2 also shows a typical operating point, the steady-state quantities defining
the operating point (Q_, E, , and P_ ) and possible values of the perturbed quanti-
o o

ties (p_, €, and g, + ¢, = g,). The partial derivatives of equations (4) and (6)
are the slopes of the curves evaluated at the operating point.

In the system discussed in this paper, and represented by the curves of Figure 2,
the partial derivative __Q is always positive (or zero), and the partial deriva-

29

tive 3 Pa is always negative (or zero). It will be advantageous in representing
[

the system as a block diagram to make this situation apparant in the equations.
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There fore g'EQ“ and é‘*g“shall be equal by definition to the following quantities:
€

E_Qa = kp. = f'(E) J‘P.— P_c ky always positive

ok “;‘Pl' Pc

20 o (E)] "
(7)) —] -g—“Pc = - kp = 2\“3:_1)“: , kp alvays postitive

JE, P,
°Q,  __f(®)_ |
0 p, = 2 \JP! - P, [
—E, P,

System pressure variations are functions of many other quantities and they will be
considered in this paper only as a disturbance.

With the definitions of equations (7), the perturbed valve flow becomes:

90,
(8) q, (s) = kg €(s) = ky p, (s) * —5?‘ Py

C. Flow Into the Cylinder

Since the flow into the cylinder is equal to the flow from the valve, and neutral
leakage may be considered negligible, the flow into the cylinder consists of two
elements; the flow needed to overcome the effects of compressibility (Q\,) and the
flow tending to move the cylinder relative to the piston (Q,). In equation form,

(9) Qc = Qa = QA,), + Qy

By the definition of compressibility, (Pc =N _%:,y, N is bulk modulus of oil),

8

P =
(4

(10) 0 = 4 Ay =

d P+ 7y dp,
&Y dt dt dt

%
t. N

2|
=
|

S

The flow tending to move the cylinder will be,

(11) Q = AV, = A(V, * V)
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There fore the total flow into the cylinder 1is,

(12)

Q, = éfc + A

q
& Q’dt

+Q,

[

Separating the perturbed quantities from the steady-state quantities,

(13) 9o () = sLpc(s)+ Av, (s)
- y dP
(14) Q = AV, * & Trc

D. Forces on the Cylinder

Since the pressure drop across the cylinder is balanced by an effective mdss,

viscous friction and spring load the equation relating load forces and applied
forces becomes,

d
M a

(15) PA “+ BV, + K[V, dt

Separating equation (15) into its perturbation and steady-state components,

(16) P,A = BV, * K[V, dt
-] -] -]
dv
(17) p.A = M 3¢ + Bu + KJv, dt

Trans forming equation equation (17),

(17a)

v, (s)

s

Ap, (s) (Ms? + Bs + K)

The system equations are summarized below:

TABLE 1

STEADY-STATE RELATIONSHIPS PERTURBED RELATIONSHIPS
dE - - v, (s) — v (s
e v, = Ve ¢ (s) = ,()T ¢ (s)

d P

= Ay, + 2 22 9¢
% o N dt o 9, (s) = kg€ (s) = kpp, (s) +-5—ﬁf Pa
p, =L (B, + Ky dt ) X + A
P, =z (P, ‘ G () = sP. () +Av, (s)

P, (s) =1 (Ms®+Bs +K) v, (s)
A s

m
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IIT. Block Diagram and Transfer Functions

The equations developed in part I] may be used to obtain an equivalent block diagram
of the system. Developing transfer functions from Table I:

(19) - X, (s) o A and

pr (s) p, (s) Ms?+ Bs t K
p, (s) N[ Ms?+Bs+K
(20) Yoo (5) = 9 (5% s

s 2
4 |Ms? +Bs + £ AN

Combining the above transfer functions with

(2a) €(s) = X; (s) — X, (s)
and with
(8) 9, (s) = k.€ (s) T hkyp, (s) * %__ga P,

the block diagram of the system may be constructed; this block diagram is shown in
Figure 3.
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Fig. 3 - Block diagram of hydraulic control systenm.
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The open-loop transfer function of the mechanism is,

X, (s) Y, _ Y
(2D €(s)=kpr1+kY “TTVY,,

where Y;1 is the transfer function when kp is zero and Y” (equals kp qu) is the open-

loop transfer function of the inner loop. The open-loop transfer function of the mecha-
nism then becames,
X s k A
€ s
L = 7 2
— s {7 + kM) s? H{ g+ A2t R B) s kK

The closed-loop transfer function of the system is then:

X. (s) : k, A
X (sT = M By 2 4(KY 2 + K +RA
' y i *(T*'kpM)s +(_N- tA +kpB)s P €

(23)

The Routh criteria may be applied to the denominator of this closed-loop transfer func-
tion' to determine stability criteria. However, the frequency response methods of Bode
and Nyquist and the root-locus method of Evans both yield more useful data regarding
both stability and transient response and these methods are normally used by the Nor-
throp Company to solve problems of this nature. Since the Evans root-locus method is
as yet unpublished, only the frequency response method will be discussed at any length.

It has been the experience of the Northrop Company that the transfer function of
equation (22) has one dominant real root and one conjugate pair; the latter produces a
lightly damped oscillation with a high natural frequency. The determination of all
the constants is straight-forward with the exception of B, the load damping, which
causes the poor damping of the conjugate pair. However, on most systems this quantity
may be obtained by use of Theodorsen's flutter equations for the moment of a surface.*

IV. Error Coefficients
The performance of the system in response to some given input is conveniently given by
system parameters called ‘‘errorcoefficients”. These coefficients provide a simple and

useful way to consider the nature of the error response to nearly any arbitrary input.
From equation (23) the closed loop transfer function is

X_ (s)
(23a) Xﬁ?)' =

k, A
K7 B i
(ke + R K) {1+kA+kK[T ca2+ kB (T )s 2 Sﬂ}

* NACA TR 4§°6 Theodore Theodorsen
“General Theory of Aerodynamics Instability and the Nechanism of Fluttcr“
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A portion of the denominator is of the form [ 1 + Z (s) 1° 1

’

by the binomial theorem,

1
(24) W:1-Z(s)+[Z(s)]z2_[Z(s)}3+...

Expanding equation (23a),

X (s) k
(25) X () ° kA :| ( - s Ky
) keA + ka 11 kA + kpk Nt A? + kPB

(50 a )’

- st
kAt kK

B
+(’NZ+kPM+

The cylinder motion is then

kA k A KY + 42+ B
(26) X, (s) =[‘k'€74‘frp,<]xi (s) - Ee N ; p}xi (s)
kAt kK

: Ky 4p2 44 g2
- keA By ['N A kpB_J'

\S2X. (s) + ¢ o
kEA+ka / !

which becomes,

(27) X, (s) =[_EF%K— 1] X, (s) tX, (s) %

kPK .
i [le- (s) + X, (§) +

Noting that

€ (s) = X, (s) = X, (s),
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- ek kA<K_7 ) k)
' ‘ N + A2 kB
(28) € (s) = = |—uFP € P
kgﬁk‘;lijxi (s) + (kA + B KV |sX;(s)
[
+ — <B_’Z (=% + A2+ & B)
* + N
l(kgA+kFK)§ N Ot kM 4 A X (s) +
€

= [T, (s)] X,(s)

The power series for €(s) converges in the region of s = (. Therefore, the series may
be used to obtain an expression for €(t) which is valid for the steady-state response
after all the transients have died out (i.e. for large values of time). Hence,

Y K
(29) e(t) = | kK kA + A2 4 0 B)| (t)
t—-@ kEA+ka Xi (t) + (k‘A +kp)2 e i

+| kA By I:K’y i
m A 4 LN\ — + k + |~ + 472 ]
(s + B KY ( AL b BT ) X, (1) +...
kA + kﬁK __:;;2
dx. (t) d’X (t)
=C°Xi(t)+01# + 2-(“2_1 +

which is the desired expression for the error coefficients.*

Tt will be noted that the position-error coefficient is primarily dependent upon kp,
which in turn depends upon the magnitude of the load. Both the acceleration and velo-
city-error coefficients are largely dependent upon load and k,, the amplifier effect
of the valve.

V. Approximations and Experimental Verification
The above analysis assumes only linearity about a steady-state operating point to-
gether with the corollary assumption that the motions are small. At this point it
will be advantageous to consider certain simplifications which are useful in practical

Northrop systems.

A. Non-Compressible Fluid

The first assumption is that of non-compressible hydraulic fluid (i.e. N = ®).

* C° is the ‘“position-error coefficient”, C, the "*velocity-error coefficient”, and C2

1

the ‘acceleration-error coefficient”.
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The transfer functions changed by this assumption become

. Ms?+Bs+tK
(20a) Y, (s) = v
X, (s kA
(222) - ). ) s o
€ (s) kphk t (A°+ kpB )s + ka
(23 ) Xc (S) = kEA
2 X; (s) EMs?+ (AT+ kB )s+ (kKT kA )

The series for the steady-state error becomes

ey | kK FA@ B dx
(29a) t - = kef“+k”K X; (t) t (k, At k, K)? dt

k, A (A2 + k&, B]? | |d2 X, (t)
+ (keA+ka)2 kpM+(k€A+ka)2

dt + essvas
These expressions are useful when load effects are to be considered.

B.. Non-Compressible Fluid; Operating Point at Neutral

The second assumption greatly simplifies the equations when the problem of ana-
lyzing aircraft on autopilot is encountered. In this case, the emphasis is on
small motions about the neutral point. At the neutral position f(E) is very near
to zero, making k_ zero. Physically this means that the load effects near the

neutral position are negligible. When compressibility is also neglected the trans-
fer functions become

(21a) ' Y22' = 0,
X (s) k
b [4 - €
(22b) < (s) As o
and
by X, (s) k, 1 1
(23 = = =
Xio(s) Ast kE :% s + i Ts+1
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The open-loop transfer function under these assumptions is that of a perfect inte-
| p p tr: p pe
‘ grator and the closed-loop transfer function is that of a first order system. Fre-
' quency-response tests have been performed on mechanisms of this type (Figure 4)

E ; and the agreement of the theoretical and experimental results (even with these

2§ rather drastic assumptions) is excellent.
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The series for the steady-state error also reduces to a very simple form:

z A dX. A? d? X,
(29b) (t) A ; (1) ; (1)

= +
- k d k 9 d 9 4+ se00e
t € t € t

This expression also checks rather well with experimental evidence in the frequency
range from zero to ten cycles/sec\%§<3 5) on Northrop systems. If frequencies

greater than ten cycles per second are important, the above results are no longer
acceptable approximations.

C. Compressible Fluid; Operating Point at Neutral

0il compressibility must be considered for a more complete analysis of the system
when operation is about the neutral point. Considering compressibility (N finite)
the transfer functions about the neutral point became

Xc (s) _ kE A
- K d
X, (s) k, A
(23c) X -
. (s Y M By Ky
i (s) T R IR

Equation (22c) may be rearranged as follows:
X, (s) Nk _A 1 .}
(22d) € (s) = M — B X 42 N
_sLs? ty s ot oyt 7M]‘
K’
gl__si’ + 2l s ¢t w’ﬂ

where
" Nk, A
- =5
\ K AN
(30) W, = Wt W
B

- 128 -



: - ———

From the equations above 1t may be noted that the load is coupled into the system
even at the neutral point by the compressibility effect of the hydraulic fluid.
the damping ratio, is normally quite small because it is due almost entirely to
the aerodynamic damping of the surface. «,, the undamped natural frequency, is
Y high because of the high effective spring rate of oil. Since the bulk modulus

of normal hydraulic oil (N) is on the order of 2.5, x 10° psi, the hinge-moment
term (K/M) in the natural frequency is ordinarily negligible in comparison to the
term due to oil compressibility; this fact agrees well with experimental data, and

b

equation (30) may be simplified to

A2 N
(30a) o 5 AN
3 oM
B
: L= o [ AZN
%

The error expression using this assumption becomes

(29¢)
€ (t) 1<
RN

K Y

—_ 2 3

N /

dX, (t)
dt

t @

N

IN_db
=

ATTENUATION

~100 | 10 100
FREQUENCY IN RADIANS/SEC.

1000

Fig. 5 - Open loop transfer function attenuation plot.
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A sketch of a typical fre-
quency-response plot is
shown in Figure 5. The
gain (K) is fixed so that
the second-order peak is
well below zero decibels.
If this peak is allowed to
approach zero decibels,
the amplitude of the re-
sulting oscillations are
small, and the frequency
is very high compared to
that of the airplane but
of the same order of magni-
tude as the flutter fre-
quencies, This situation
can become rather important
on systems where high gain
(K) is desired without addi-
tional damping also being
available. If the peak is
greater than zero deaibels,
the system is unstable,
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The real root of the closed-loop transfer function, equation (23c), is very near the
value of w at the gain cross-over point of the open-loop transfer function (Figure 5),
The other two roots of the closed-loop transfer function form a complex pair, with

an undamped natural frequency near that given by equation 30a. The damping of this

complex pair is a function of K’

Fig. 6 - Root locus plot.

* kK

The behavior of these roots with varia-
tion in K’ is shown by the root locus
plot of Figure 6. The direction of
changes in the roots with increase in K'
is shown by the arrows; the starting
points are the roots of the open loop
transfer function.

It should be noted that the analysis
prior to this section is quite general,
whereas the assumptions and analytical
conclusions of this section are dependent
upon system design practice. For example,
effects of compressibility are minimized
on Northrop systems by elimination of most
of the free air from the hydraulic oil;
yet there are many existing systems where
the assumptions of incompressibility and/
or no load effect on valve flow would be
ridiculous. For these latter systems the
analysis of Parts II to IV should be used
in its entirety.

DISCUSSION

MR. RAHN, Boeing Aircraft: I notice you took into account the compressibility
of the oil. There is no term in your equation for the spring of the oil.

MCRUER: In our original development, we ran some tests. Actually the basic
assumption is that the way to get that factor ts the motion of the cylinder relative
to the piston to some point in the airplane which is greater than the motion of the

piston to the airplane.

L
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RAHN: We have run into trouble with high compressibility, especially with air
in the otl.

MCRUER: It is a point that shouldn’t be neglected.

DR. CLAUSER, Douglas Aircraft: I am very much interested in the assumption
of compressibility flow. Of course, it bears on the stability, too. We have found
that the implication is that if you can neglect it you have stable systems apparently
even with your method. Does this mean you have tried to keep the air completely out
of the system? We get instability when we put air into the system.

MCRUER: All that happens when you put air into the system is that the stability
goes douwn.

CLAUSER: With this type of system we would get an unstable system so we have
to do more to make it stable.

MCRUER: We can’t make those assumptions unless we design it that way.

CLAUSER: 1t was mentioned yesterday that you don’t have to stabilize them;
they come out stable. Is that because you have some unusual technique of bleeding
them or what?

MR. FEENEY, Northrop Aircraft: We take no particular steps at all in bleed-
ing and what we do do is use this control leakage which keeps the pressure in the
cylinder up to about half of system pressure so whatever air is in there is compressed
to the point where the bulk modulus is practically that of oil.

CLAUSER: We have had some interesting experiences there. We even assembled
a complete system under otl so that there would be no possibility of getting air in it
and we still found the thing to be pretty well unstable, pretty well flexible. It can
eastily admit air just by changing the temperature and the solubility. Even when we
run the system at pressure, we don’t get the system stable.

FEENEY: We have purposely by cavitation admitted air into the cylinder, then
turned the power on after about half a second or so. It is unstable because you have
a terrific amount of vapor in there but it is immediately carried out fully, that is,
almost entirely. We have no bleeding procedure beyond normal hydraulic system bleed-
ing procedure.

CLAUSER: I don’t remember what type packings you use. Is your packing ‘0"
rings?

FEENEY: Just “C” rings.

MCRUER: Actually as indicated on that last slide, as the bulk modulus goes
down, of course, this goes up. Also K changes and we get on our systems which show
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a step response. It wouldn’t look nearly as nice as the frequency response because

we actually get a small well-damped oscillation out of this thing.

CLAUSER: MWhat frequency is that?

MCRUER: This happens to be on the order of about 250. This happened to be a
different system. We really guessed at the value of B but this phenomena has ex-
plained some of our earlier troubles in the lab. Of course, compressibility--as I
recall some curves in the Franklin Institute Report on some measurements of compres-
sibility--if you have more than 500 psi, the fluid, no matter the amount of air in

the lines, is up to as much as 2/10 of 1 per cent, the compressibility is still about
the same but below about 500 psi, it changes drastically.

MR. DREW, Chance-Vought:

How well does your actual -test experimental data
compare with the last curve?

MCRUER: We have not compared them; however, we do have a check on the value

of the natural frequency and as I said, I think we come within about 10 per cent.
We don’t know what the value of compressibility is.

MR. HILL, Glenn L. Martin: Do you feel that as a result of your analysis in
further designs you can perhaps eliminate the mock-up in testing and let the figures
be the criteria for setting up a stable system?

MCRUER: No. Actually, we have some people going through using basically this
analysis on every system we design. We do make a decided effort from the time the
fellow first has it down on paper so that we can get an idea of the masses involved
and things of that nature. OQObviously, if the first designer draws his first flow
curve, we aren’t in a position to tell about the stability of the system. If it is
going to be stable, you can tell probably what the errors are and so forth quite
nicely because as you saw, up to ten cycles, we were pretty close with that very
drastic assumption , Of course, unless we know what the compressibility is, plus the
inertia of the surface, the effective mass, etc., we may not be able to make a good

guess. MWe are trying to integrate the analysis along with the actual design as far
as possible.

MR. CHATTLER, Burean of Aeronautics:

Has your analysis helped ya any?
Have you made any changes?

MCRUER: Unfortunately, we didn’t make the analysis until the system was almost
perfect.

CHATTLER: VYou butilt a number of systems and, as I understand you, applied
this theory to the last few for check purposes.

MCRUER: We have applied it almost invariably to systems that have been butlt

in the past to see whether we were right in our first assumption, and in our latest
production airplanes we apply it right along.

1 i
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MR. BURSTEIN, Consolidated-Vultee: Have you been neglecting the deflection
of the “0” rings in compressibility?

MCRUER: We realize that ‘“0” rings act more or less as a spring. ‘‘0” rings are
another pretty tough nut to crack, like the elasticity of the rubber hose.

MR. WICK, Syracuse University: You assume that your equation holds through
the vhole range of frequencies.

MCRUER: I don’t assume that. It is all I can do. Another word of explanation
on these experimental frequency plots. We were using a surface output displacement
on the order of 10 degrees and the only reason we have gone to that model is to get
rid of non-linearities in our simulated hinge moment.

MR. ALTMAN, AMC: I would like to direct a question if I might to Mr. Rahn
- of Boeing in connection with the comments he made before, that he experienced a
spring effect with high inertia surfaces. What was the inertia of your surface?

RAHN: It varies with the airplane, of course, but we have had surfaces from
60,000 pound inches squared to about, I believe, up to something like four million.
_What was the inertia that you were working with?

MCRUER: Actually this experimental stuff was on the order of 89. To tell you
the truth, I’'ve forgotten.

RAHN: The inertia on the rudder for the B-50 is around 130,000 pounds and on
the B-47 is 60,000.

MCRUER: Pretty close to the B-37.

BRAHN: We also found we had to take into account the expansion of the cylinder
valls and the compressibility of the springs and the rod itself.
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APPLICATION OF FREQUENCY RESPONSE TECHNIQUES
TO THE ATLERON CONTROL SYSTEM OF THE F-86A AIRPLANE
By

KWilliam R. Monroe

North American Aviation, Inc., Los Angeles, Californtia

Abstract

The methods currently being applied to the stability problem of the artificial
feel system of the F-86A aileron control system are presented. The amalytical phase
consists of setting up differential equations describing the dynamics 6f the control
system and determining the system transfer function. In the experimental phase the
method used for determining the transfer function of the airplane systemis discussed.
The problems encountered in both phases are discussed and proposed solutions are in-
dicated.

The results of the program have not yet been analyzed; consequently no definite
stability changes are presented.

Introduction

During recent years, as the power requirements for airplane surface control sys-
tems have increased, the standard aircraft design techniques have steadily grown less
effective. The most outstandimg example of the limitations of a static design approach
is that of system oscillation which is also referred to as chatter, buzz, motoring,
etc. This kind of oscillation may be very serious and, 1f unrestrained, may continue
to increase in amplitude until the airplane system is destroyed.

The first methods applied at North American Aviation to this problem consisted
of cut and try techniques supported by engineering logic. This method, which has
proven very effective in solving many problems is not generally successful when ap-
plied to a servomechanism such as a boost system. For example, the cut and try
approach is limited as follows:

1. Satisfactory results depend to a large extent on engineering experience which
is very limited as far as dynamics of boosted surface control systems are
concerned.

2. With a boost system, one successful cut and try solution will not necessarily
prove successful when applied to a different system.

3. Because of the extremely complicated nature of the system, it is almost im-
possible to evaluate, classify, and remember all observations. - Thus valid
engineering experience is difficult to gain.

4. Cut and try techniques do not show the degree of stability. Consequently a
near solution might not be recognized and any definite solution obtained by
this means might penalize system per formance beyond requirements.

In 1948 North American began to investigate the dynamics of the problem by ap-

plying Rough’s stability criterion to the load: feel valve portion of an aileron boost
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system. This resulted in the addition of a dash pot to the valve with subsequent
elimination of oscillation in the valve alone - but the entire system remained
oscillatory. Because of the conmplexity of the system, no analysis of the entire
system was ever completed. During this investigation it had been almost impossible
to obtain reliable values of the system constants; many were estimated or roughly
determined in the laboratory. Consequently it was evident that if any future work
were to be conducted, it would be necessary to conduct a basic research program to
determine the fundamental characteristics of hydraulic systems.

A contract for this purpose was obtained from the Air Material Command in July
1948 and this work is still in progress. The general subjects being investigated
consist of fluid flow phenomena, system elasticity, damping, and special components
such as valves and pumps.

As soon as this basic research program was progressing satisfactorily, emphasis
was placed on improving the means for investigating the oscillations in boost systems.
At this point application of the frequency response technique was first actively ap-
plied to airplane surface control systems at North American Aviation. The work was
started early in 1949 with part-time work of one man and was built up gradually to
five men in May and to 13 men at the present time.

The Servomechanism Group is at present engaged in analyzing the aileron system
of the F-86A and the B-45A airplanes. The backlog of work consists of an analysis
of practically all of the control surfaces of all current North American Aviation
airplanes.

The activities of the group encompass only the improvement of the stability
and performance of present systems. At present, no effort is being made to influence
preliminary design. As a consequence no work on designing a new system has been done
by the Servomechanism Group.

Description of the F-86A Artificial Feel Aileron Control System

When servomechanism techniques were first applied to the F-86A, the airplane was

equipped with an artificial feel aileron system. Subsequently the system was changed
to a load feel type which now constitutes the F-86A aileron system. This paper is ex-
_clusively concerned with the stability analysis of the artificial feel aileron system
which is shown schematically in Fig. la.

- With the system shown in the figure a downward motion of the stick deflects the arti-
ficial feel spring and causes the stick point on the walking beam to move upward.
Since the artificial feel valve is balanced no force can be statically applied to the
walking beam. Consequently any force at the stick is determined by the artificial
feel spring. Thus any force applied by the pilot to the stick is directly changed
into a displacement of the stick and the stick point on the walking beam. Once the
stick point is shifted, the walking beam must reach a new equilibrium orientation
determined by the position of the sector point which is statically equivalent to
aileron position. The new equilibrium position is obtained as follows: As the stick
is deflected the valve point is rotated about the sector point. The valve, Fig. 1b,
is an open center type provided with constant flow rate. Thus the deflection of the
valve arm causes a pressure drop to be applied across the actuating piston. The
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aileron (sector point) then moves the walking beam and with the stick held in a given
position this action moves the walking geam valve point until the aileron is in such
a position that the load is balanced by the pressure drop across the piston. Under
static conditions this action does not affect the stick force or position. However,
any new force applied to the aileron moves the aileron (sector point) and the valve
causing additional pressure to be applied to the actuating piston until the load is
‘again balanced.

AAA
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The system described has the following general characteristics:

(1) Artificial Feel - The static force at the stick has no component resulting
from output load.
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(2) BReversible - The actuating piston is reversible since a change in load can
cause the piston to move. The valve is statically irreversible since any
change in valve output (pressure) does not affect valve input displacement.

(3) Open Center - With the valve in neutral the hydraulic fluid flows freely
through the valve and thus the entire system is at return line pressure
unless the ailerons are being operated.

Application of Frequency Response Techniques to the F-86A Airplane

Application of frequency response techniques to the F-86A airplane consists of four
phases.

Phase I: Experimental determination of the frequency response characteristics
of the airplane system. The purpose of Phase I is to verify the
validity of the stability criterion on an actual airplane, to deter-
mine the reproducibility of open loop tests, to evaluate and improve
instrumentation and equipment, and to determine the frequency response
characteristics of the airplane system for comparison with the ana-
lysis and simulator results.

Phase II: An analytical study to develop an equation for the frequency response
characteristics of the system. This phase includes evaluation of all
pertinent system constants, The results of this analysis will facili-
tate intelligent use of the results of Phase I.

Phase III: Application of the results of Phases I and II to a simulator. This
phase will make possible testing of improvements indicated by Phases I
and Il so that a screening process can be conducted without requiring
the use of an airplane.

Phase IV: Application of the results of the first three phases to an airplane
for ground and flight tests.

Discussion of Phase I
Experimental Determination of Frequency Response Characteristics of the System

In order to evaluate the stability of the airplane it is necessary to determine in some
manner the open loop transfer function of the system. Because of difficulties of open-
ing the servo loop, closed loop tests were first considered. However it was decided
that any closed loop tests would either result in exciting the natural mode of oscil-
lation of the system or restrict the system to the extent of altering its character-
istics. This conclusion is indicated by two facts:

(1) The only unquestionable point at which a closed cloop system can be driven
by a sine wave displacement generator is at some point nommally having infi-
nite impedance when seen by the rest of the system, for example, at some
point normally grounded.
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(2) Driving at a point normally having infinite impedance will not confine an un-
stable system to follow the sine .wave generator but will tend to excite the
system and start the natural oscillation.

For these reasons all frequency response tests with the F-86A have been conducted with
the system in the open loop configuration.

The major problem of determining a method of opening the servo loop without changing
the system characteristics was solved by the arrangement shown in Fig. 2.
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In this figure the system is connected in a normal manner with the following excep-
tions:

(1) All of the hydraulic lines to the boost valve were removed and connected to
a similar “active ” boost valve mounted on a sine wave displacement generator.

(2) The “dummy” boost valve remaining in the airplane was connected to the return
line so that the **0” rings are pressurized to provide the same damping present
in the normal system. All mechanical connections to the dummy valve are the
same as in the normal system. This dummy valve is intended to simulate the
valve dynamic impedance of the closed loop system.

In order to make open loop tests with any average position of the ailerons other than
neutral, it was necessary to simulate the pilot by means of a spring. Without this
spring any average position of the aileron except neutral would tend to deflect the
artificial feel spring which would in turn cause the dummy valve arm to move until,
with an aileron deflection of 0,4 deg, the valve arm contacts the stops. With the
pilot spring the stick position can be adjusted to its correct position for a given
aileron position and load.

To simulate aerodynamic hinge moment, torsion springs were attached to artificial
ailerons having the same moment of inertia as the actual ailerons. This installation
is shown in Fig. 3a and 3b. Three sets of springs were provided to cover a range of
speeds and altitudes consistent with airplane performance.

Aerodynamic damping was neglected on the basis that as far as stability is concerned,
positive output damping would be helpful. Consequently neglecting aerodynamic damp-
ing 1s a conservative assumption.

The sine wave displacement generator for driving the active valve consisted of a scotch
yoke driven by a hydraulic power supply. The frequency, average position, and ampli-
tude of the output are adjustable. The active valve mounted on the sine wave generator
is shown in Fig. 4a and 4b. Strain gages were used to measure instantaneously stick,
sector, active valve, aileron, and dummy valve positions. Dynamic pressure pickups
were installed to measure pressures at all valve ports and at both ports of the right
hand aileron cylinder.

Airplane tests were conducted as follows:

Part T - Calibration

With the closed loop configuration and with boost power on, the aileron, sector,
and boost valve positions were measured for various stick deflections with dif-
ferent load springs and different pump flow rates. This was necessary because
of the non-linearities of the system. With this information it was possible to
adjust the open loop system so that in all tests correspondence with a closed
loop configuration could be assured.
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Part II - Stability Criterion Validity

With the loop closed, the flow rate was reduced until the system would no longer
oscillate indefinitely. No precise point separating a stable case from an un-
stable case can be obtained, but this test was conducted to obtain a rough check
of the stability of the closed loop system against the stability criterion ob-
tained with the open loop system.

Part IIT - Stability Criterion Validity and Reproducibility

This part consisted of several determinations of the open loop frequency response
of a slightly stable case observed in Part II. The results of this test (Fig. 5a)
indicate that

(1) The open loop tests seem to be reproducible. It may be necessary to
modify this statement as additional results are plotted.

(2) The transfer function checks roughly with the results of Part II which
are illustrated with the oscillograph record of Fig. 5a.

Part IV - Frequency Response Characteristics

These tests were conducted to determine system transfer functions with different
aileron positions, flow rate, hydraulic tubing sizes, stick inertias, pilot
spring rates, and aerodynamic spring rates. One unstable configuration is de-
picted in Fig. 5b where 'both open loop transfer functions and closed loop oscil-
lograph records are presented. Typical open loop oscillograph records are shown
in Fig. 5c.

In addition to these variables, small and large valve amplitudes were used since
it was found impractical to restrict the system amplitude to a range that could
be considered linear.

In conducting the open loop tests, several difficulties were encountered:

(1) Because of wear, the sine wave generator backlash increased until the
sine wave form became so poor that it was necessary to add an anti-
backlash spring. In addition to this, any adjustments of amplitude
proved to be difficult and awkward. In work of this kind it is essen-
tial that the sine wave generator have extremely low backlash and that
both amplitude and average position be easily and independently
adjustable.

Strain gage failures were frequent and were the cause of serious delays
in the test program.

Extreme non-linearities caused by valve and sector stops were trouble-

some at first but accurate adjustment of the system eliminated this
difficulty.

i
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{4) It was impossible to use input amplitudes small enough to be considered
linear since such a small input was absorbed in backlash in the system.
This difficulty is inherent in any system with a valve stroke in the
order of a thousandth of an inch and with system backlash of the same
order of magnitude. Consequently larger amplitudes were used in most
tests.

The oscillograph'records of these tests are currently being studied and plots of
transfer functions have not yet been made.

Analytical Determination of Frequency Response Characteristics of the System

The open loop arrangement of Fig. 2 can be simplified as shown in Fig. 6a and 6b if
the ailerons are replaced by a single output member. In Fig. 6b the transfer function
relating the aileron angle, 6,, to input active valve arm position Xva, is called x .*
The remainder of the open loop can be represented by u,, the transter function rela-
ting the dummy valve arm displacement to aileron angle ¢ . Thus the entire open loop
transfer function is represented by the functian, ¢ '

The following pages of this paper are concerned with determining analytically the trans-
fer functions #, and #, and their product #H,. All variables are considered as varia-
tions from average and the LaPlace transform is designated by f(s) except in long equa-
tions where the letter s is omitted. Throughout the stability analysis the initial
condition operator is neglected.

Hasl®)

N s) =
(1) Determination of  Hy($) )

The transfer function H,(S) describing that part of the system shown between &
and X in Fig. 3b may be determined from the following equations:

F;C = FS +F' (1)

1F,= LF, (2)

F e = Ke(Cbx.‘ - 60) (3)

L}
Fs’—'(K"“M'S)X. ’ ifD.=0 (4)

* The transfer function is a complex function representing the ratio of the LaPlace transfora
of the two variables. This is discussed thoroughly in several texts such as ““Principles of

Servomechanisas®” by G. S. Brown and D. P. Campbell, John Wiley and Sons, New York, 1948. |
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Mgy =

F,= (K, +D,s+Ms?) X,

(5)
l l
-3 + 2 - + (6)
Xac Z2+13 Xt 12+13 Xv Lf‘,n LIX-
X, = CA, NG

Solving these seven equations for X (s)/0 (s) yields the following:

C,K (K, + M,s?)

LKCL-K~-Ms?)(K, +D,s+Ms?)+ (KCL ~K ~Ds—HMs2)K, +Hs?)
where
l
L,= _3
3 !

The constants involved in this equation were determined and the transfer function
has been plotted.

(2) Determination of  4,($) =

This part of the system is shown schematically in Fig. 7a where the ailerons are
clamped together to indicate that they are treated as a single output member.
The network equivalent of the two aileron systems of Fig. 7a is shown in Fig. 7b.
This figure shows two ailerons to simplify the determination of the system ele-
ments as the reduction to a single output system is carried out. In the figure
each hydraulic line has been represented by a single equivalent electrical “T”
network consisting of resistance (fluid friction), inductance (fluid inertia),
and capacity (elasticity). This representation is an approximation of an in-
finite number of such ‘*T" networks (APPENDIX I). Calculation has shown that for

the lines used in this system this assumption introduces a very small error

(APPENDIX 1I).

The actuating cylinders have been represented by a leakage resistance in parallel
with an impedance consisting of an inductance (aileron and piston inertia), re-
sistance (output damping), and capacity (aerodynamic spring rate).
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In Fig. 7b the active boost valve is represented by a block. The orifice flow
rate as a function of pressure drop and valve displacement is shown in Fig. 8.
The constants C3 and C.o for this valve equation have been evaluated experi-

i
mentally.

In a further simplification the system has been reduced to that shown in Fig. 9
in which the left and right ailerons have been combined into a single system with
proper choice of values of the constants. In this figure the aileron impedance
of one aileron is called 2z, .

Conducting a nodal circuit analysis of Fig. 9 and considering variations from

average values we obtain the following transform equations:

0- 0 "1
+CsP, (D

(since flow from the pump is constant)

P, -P

P -P
9 = C30(P1 - PJ) * Cboxu + A 2 (2)
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Simplification of these equations yields the following:

0= (1+CsZ)P, - P
#2400 P, (1)

(-CAZQZc)Xva = (_Zl-‘)PO + (Z9 + Zc + ZSZcCJO)Pi -(Z.‘))P? -(Z9ZcCJO)P5(2)

0= (-2)P, + (3+2€Z,38)P,~ P, (3)
0= (R )P, * (2Z, +R)P, ~(Z )P, HZRASX, (4)
0= (-Z)P, +(R, + Z, + R,ZC 8P, ~(R )P, ~(RZA8)X, (5)

(Zczlcéo)xva = —(ZeZcCJO)PI _(Zc)PA +(Z¢ + Zezcc.?0+ Za)PS —(Zc)PG (6)
0= (~1)P, +(2 + Z,C,s)P, (1)

=P P ZApN, ®)

From these eight equations X (s) can be determined as a function of X (s). Thus
the transfer function

6,(s) X (s)
X, () X, (s)

Ky(s) =

can be determined analytically. This analysis is being conducted at present and
the final expression for K, 1s not yet available.

(3) Determination of u (s) = w (s )uy(s)

The total transfer function can be determined by multiplying H, and p, graphically.

Discussion of Results

The results obtained to date must be regarded as preliminary; however, several obser-
vations can be made at this time.

1. The results of the airplane tests indicate that the ailerons do not always move
together but may be out of phase by as much as 150 deg at some frequencies.
dition to this the amplitudes of the left aileron is sometimes different from that
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of the right aileron. These characteristics indicate that in the analysis it is
necessary to treat the ailerons as part of a dual output system instead of the
single output system illustrated in this report. The analysis is at present being
extended to include this effect.

. Recent experimental determinations of the boost valve fixed resistarces indicate

that these resistances cannot be neglected. Consequently the extension of the
analysis will include these additional resistances.

Because of the additional complications resulting from this exténsion, the result-
ing equations for the system transfer function will not be readily solvable. Con-
sequently it is planned that an analogue or a computer will be used.

The experimental results indicate that the system is extremely unstable as shown
in Fig. 5b. If the system flow rate is increased to 4 gpm, the system becomes
even more unstable and the transfer function passes through the -4tj0 point at 21
cps and the 0tj4 point at 28 cps.

Conclusions

. An experimental method for determining the transfer function of the F-86A artificial

feel aileron system was developed and has provided satisfactory results.

. An analytical method has been developed and is currently in the process of solution.

Several simplified methods have been eliminated as unsound.

The greatest difficulty encountered in the entire program was the unreliable nature
of the strain gages used for displacement and pressure measurements. This problem
has not yet been solved satisfactorily.

. Experience gained during this investigation indicated that much time can be saved

if all original designs are based on the results of a frequency response analysis.
The ideal and possibly the only satisfactory way to obtain a good surface control
system is by a combination analytical and experimental development.

LR R

APPENDIX I

Electrical Network Equivalent to Hydraulic Transmission Line

The total pressure drop per unit length of a tube is

Total Pressure Change Flow Inertia
per Unit Length Friction

~ op _ + P 9q

* = R A3t




wvhere R_= Resistance per unit length

£ = Density of fluid
A = Area of tubing

Because of elasticity flow 1s lost. This lost flow per unit length, is

-9 . °p
x ﬂv_é?
A V.1 = elastic constant for fluid

where = —
p

~3

and V= volume of tubing

The equations for an electrical transmission line with no leakage are

- 9%¢ . R+ 91
dzx . * 9t
and
o1 e
- St - ¢ ce
o * ot

where R_= Resistance per unit length,
L, = Inductance per unit length, and

C, = Capacity per unit length.

By comparison of these two sets of equations it is obvious that hydraulic tubing can

be represented by an electrical transmission line with

R = R

£ x

L = p/A

C, = A

Thus the hydraulic transmission line can be reduced to an infinite number of “T” net-

works such as
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APPENDIX II

Error Introduced by Using Only One ““T” Network to Represent
A Hydraulic Transmission Line

The characteristic impedance of a transmission line 1is
{R.L+ juL 1
7 = _dLﬁaf_T_dL__
0 JuC,

while the characteristic impedance of a single “T” network is

zZ,=z72,(1% %)
2
Z, =R+ jul,l

2y~ fuc 1

4

The error introduced by using only one *“T” network 1is

Z -Z VA / Z
81=—ﬂ—Zo—l =1—-ZL = 1 -\f1+ QZ:

Using the first two terms of the binomial expansion of this expression we obtain the
expressions

8’ =1=(1+ “1
5, = %(3,1 + jul l)(juC,1)

2

1? 2 :
5 = ? (_‘w L‘C’ + JWR’Cx)

For 3/8 x .028 tubing
R, -80x 107 Lb Sec In., L, = 9.6 10°% Lb Sec? In:, C, = 3.7 40°7 Lb™?In?

i3




Thus at 25 cps, @ = 1.57 x 10? Rad. Sec:?!

& =

.= 12(~1.08 x 1076+ j 5.83 x 10°%)

For I = 320 in.

o
It

, = (70.011 * j 0.0059)

which means that by using a single T network, errors of 1,1% and of (,59% are intro-

duced into the real and imaginary parts of the characteristic impedance. For shorter
lines these errors will be less.

The error in the attenuation factoer is less than the error in characteristic impedance.
A discussion of transmission line theory is presented in Volume II of *‘The Classical
Theory of Long Line, Filters and Belated Networks” by E. A. Guillemin published by
John Wiley and Sons (1947).

APPENDIX III

Impedance, Z, of Aileron and Actuating Cylinders

In Fig. 10 the drop pressure, P, - P, across the piston causes the piston and aileron

to accelerate, the spring to deflect, and the damper to move. Thus with the applica-
tion of Newton's Laws we obtain the expression

aiAP(P’-? - P4) = Iaea + Saén + kaea

where I , Sa, and k_ are the moment of inertia, damping, and spring rate of the aileron
and actuating piston about the axis of rotation. Taking the LaPlace transform and ne-
glecting the initial condition operator, we obtain the expression

a A [Py(s) = P,(s)] = [I 87+ 8.5+ kJO,(s)
By definition the impedance of one aileron is given by

Py(s) = P,(s)

i) = Ty

Thus since X =af

1 k
Z,(s) =27;§7;— [I,s+8, +5* ]
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DISCUSSION

MR. HARRIS, Chance-Vought Aircraft: I notice you use the actual wing panel
for your tests. MWhy did you do that rather than some ‘type of mock-up?

MONROE: That eliminated one problem; that is, how good is the mock-up. Of
course, we had to worry about how good is one airplane like the other. We had one
atrplane. Although we had a simulator constructed, we decided since the airplane was
available, we had better use it. Actually we intend to use a simulator, but when we
do, we would check the results of that against the airplane tests, just to be sure.

MR. MCRUER, Northrop Aircraft: As a matter of curiosity, what value did you
use for the spring rate of the pilot?

MONROE: We didn’t really attempt to simulate the pilot dynamically but we de-
cided if the pilot were to move the stick, he would have to go according to the aero-
dynamic, well, the artificial spring rate so we made it equal to that.

MR. FOLSE, Bureau of Aermautics: In connection with the study of the repro-
ducibility of the transfer function, have you used the method of least squares as a
means of adjusting data to supplement conventional servo theory? So far as I am con-
cerned that is the most rigorous method, at least one of the. most rigorous methods
if not the most. I suggest that it might be useful.

MONROE: We have considered such an action with regard to eliminating some of
the difficulties. In other words, we would like to check the theory against our ex-
perimental work to see what can really be legitimately eliminated from the analysis,
so I think that is something in line with what you were saying.

MR. RICHOLT, Lockheed Aircraft: Since you say this system was unstable and
I know the airplanes are flying, what did you do to them? What kind of system do you
have ?

MONROE: We have a load feel system on the airplane.

RICHOLT: It was just a modification to this system?

MONROE: We have a different system but it is quite similar in general arrange-
ment to this. I think the only substantial difference is that we don’t have an arti-
ficial feel spring and we have a load feel valve.

RICHOLT: You get the load feel through hydraulic pressure?

MONROE: Yes. Incidentally, that is pretty complicated because that introduces
another loop in the servo. The valve itself can be unstable.
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STABILITY AND PERFORMANCE CHARACTERISTICS OF AN
TRREVERSIBLE SURFACE BOOST SYSTEM, CHANCE VOUGHT AIRCRAFT

By

E. R. Harris and J. Drew

Chance Vought Aircraft, Dallas, Texzas

PART I

Introduction

The power boosted surface control is a mechanism that has been developed concur-
rently with the progress and development of high performance aircraft, Nothing new
has been added to the basic control configuration; the development of the mechanism
reflects primarily the pilot’s limited ability to deliver power. Means for supple-
menting the pilot’s effort could be provided by mechanical, electrical, hydraulic or
pneumatic devices. The major efforts rn this field, however, have been with hydrau-
lic devices and this symposium is assembled to discuss the means and methods used in
the development of hydraulic power boost surface control equipment.

The ‘“‘irreversible boost system” is receiving a considerable amount of attention
and interest in the aircraft industry at the present time. This device offers a
means of supplying supplementaty power for the pilot and in addition has the desirable
characteristic of isolating the surface forces from the pilot’s control devices. A
successful installation of this type alleviates the aerodynamiscists concern over pe-~
culiar hinge moment characteristics and pilot effort problems of high speed flight,
but presents the additional problem of requiring an installation of artificial “pilot
feel”.

The basic requirements and the basic mechanisms of power boost equipment are
evidently established, but the unfortunate fact of the matter is that a completely
satisfactory system is not in hand. The systems show a tendency to instability and
the pilot’s characterize the operation of the equipment as “over sensitive.”

In this paper, an effort will be made to discuss the “irreversible boost system”
with particular emphasis on the stability and performance characteristics. Force
feedback systems, the ‘‘over-sensitivity” problem, artificial feel, etc., will not be
discussed. Part I is devoted to the application of servo-theory.to the mechanism and
Part II, to a discussion of laboratory results and techniques determined at Chance
Vought.

Development of the Theory

Figure I has been prepared to illustrate the mechanism under consideration and
to define the parameters. The displacement X, represents the motion received from
the pilot’s control; X  represents the motian 1mparted to the controlled surface; and
X_ represents the dlfference between X; and X and is the valve opening. This config-
urat1on is known as a closed-center 1rrever31ble power boost and requires an external
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hydraulic circuit to supply pressure ‘at a constant flow consistent with the maximum
speed requirements of the operator. Figures Ia and-Ib have been prepared to illus-
trate other configurations that satisfy the same definitions. These configurations
are basically the same as that of Figure I, and mathematical expressions developed
for eny one of them can be applied directly to another. The configuration of Figure I
has been selected for discussion because it is the most elementary and it is the con-
figuration with which we have had the most experience. Let it suffice to say that

the configurations differ only in geometry and these properties appear as multiplying
factors in the open-loop transfer function.

As in most servo theory, it is convenient to revert directly to an examination
of the relationship between the output X and the error X . In this case, the valve
characteristics dominate the considerations. Pressures and flows are excited by
valve error which in turn direct output motion. Since the output pressure is totally
dependent on the character of the “load”, it is evident that an expression relating
valve motion to output motion for an arbitrary load must first be developed.

There are two significant characteristics of a valve which can be used to devel-
op the expression. The first is the flow-stroke characteristic and the second is the
pressure-stroke characteristic. Figure IT has been prepared to illustrate suitable
test methods for determining these characteristics for any given valve. Over a short
range and particularly near X _= 0, the following equations may be used:

F=KX
and

Qsc = K1 Xe
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Now, if methods of the electrical engineers are borrowed, an equivalent hydraulic cir-
cuit can be assumed. Figure III illustrates an equivalent circuit that satisfies the
assumed proportional characteristics of the valve. Using the schematic, a pressure
drop equation can be written as follows:

PE :RU Qlc

Where P. is the pressure rise and R, Q,, is the pressure drop. When the expressions

for the flow-stroke and pressure-stroke are substituted, for P and Q,., R, iq expressed

in terms of constants.

K
KX, =R K X, . R, - X
1

or

R = Pressure — stroke slope
v Flow = stroke slope

This method of determining the internal “resistance” of the valve is analogous
to methods used to determine generator internal impedance, electronics amplifier out-
put imedance, etc. Having established an equivalent circuit for the valve, it is now
possible to develop an expression relating X, and X, for an arbitrary “load”. Again,
using electrical engineering teminology, the load will be called an*impedance” Z;
and will have dimensions of pressure per unit flow. The impedance may be added to
the basic equivalent circuit as shown in Figure IV.

Ao FIG IM
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Equating pressure rises to pressure drops,

P -R qL+ZLq

€ v L

and substituting:

P, = KX,
and qL:AXOS

The ratio of X to X_is developed.

X
- - _K 1, 1

Xe AR, s 1+ZL(j—_:R’
v

This expression may be called the open loop transfer function for an arbitrary load.
Without considering the effects of z, the expression has the characteristics of a
zero position servomechanism.

Be fore proceeding to a detailed examination of load impedance and its effect on
the transfer function, a word or two must be said about an alternate equivalent cir-
cuit.” Under most circumstances, the compressibility of the fluid and deformation of
lines and cylinders must be taken into account. In this case a two-loop equivalent
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\
circuit must be assumed as shown in Figure V. The expression for the transfer func- 3
tion may be solved in the same manner as before, giving |

A, (K 1, 1 |
X, AR, s 1+ZL(RCs+1) i

v i

For the moment, it will be convenient to abandon the generalized transfer functions
and examine the character of the load impedance Z, in detail. The load pressure p, !
resulting from flow ¢, is due to mechanical phemonena such as hinge moment, surface |
mass, friction, etc., and consequently a conversion factor is necessary to relate hy- i
draulic to mechanical phenomena. The impedance Z has been defined as the ratio of

Py to g, :

Z = Pt !
L= ~—g— , 1t

q
but since |
|
P = F, |
A il
and ii
i
qL = AXo s ‘
z, - 1.5 1
L A? s x ;‘

The hydraulic load impedance'ZL can be determined by solving for the mechanical impe- ;|
dance and multiplying by 1/4%, the conversion factor.

Figures Vla, VIb, VIc & VId have been prepared to illustrate solutions of the hy-
draulic load impedance for increasingly complex systems. The next step is to combine
the equivalent valve circuit and the load impedance and examine progressively the
effects on the open and closed transfer functions and the closed loop transient res-
ponse.

Figure VII illustrates the case of Z; = 0. The open loop transfer function plots
along the —j axis, the closed loop has the pure time lag characteristic and the tran-
sient solution is shown accordingly. It is interesting to note that it is impossible
to make this system unstable. = An increase in the flow stroke curve K/R, or a decrease
in the piston area 4 both serve to decrease the time of response, but extension to _
limits simply reduces or increases the speed of the system. It is also evident that !
the steady state response of the mechanism is independent of the parameters.

Figure VIIa illustrates the condition in which the load is composed of mass only.
This particular condition illustrates some of the confusing aspects of this type of !
mechanism. For example, by examination of the expressions for W, and {o it is evident 3
that the natural frequency and the damping are both increased for an increase of the j

1

piston area. It is contradictory in a sense, since an increase in the piston area
intuitively decreases the speed! The explanation is however, that the damping in-
creases much faster than the natural frequency and affects a net decrease. The effect 1
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of changes in the mass ¥ is more evident. An increase in the mass of the system de-
creases the natural frequency and the damping and should be avoided if at all possible.
The best control of the amount of demping is provided by;K/R,_. The flow-stroke curve
which appears in the open loop transfer finction as a gain factor. A reduction of

the flow stroke curve will increase the damping factor and not alter the natural fre- i
quency. Again the assumed conf1gurat.1on is stable and self-sustained oscillation is
not possible.

Figure VIIb illustrates the case in which it is assumed that structural deflec-
tions take place between the output piston and the surface mass, The addition of the
structural deflection term alters the dynamic characteristics of the system, but
leaves the steady-state unaltered. Of particular interest again is the fact that this
system cannot become unstable by any manipulation of parameters. The open-loop trans-
fer function does not cross the -180° axis. One particularly interesting feature of
this configuration is the appearance of terms in the numerator of the closed-loop
trans fer funct.ion This introduces a zero or null into the transfer function plot
and means that X } does not respond to. X, or X at this frequency. Another interest-

+ - ing feature of This configuration is t'.hat'. the natural frequency term associated with
the system mass and the valve pressure-stroke curve becomes unimportant. To illus-
trate, typical values of M/C and M/KA;are 100x10°¢ 'and 10x10~¢ respectively.. The ratio :
of these numbers is 1ndepen&at, of the mass of the system and the implication is that
the force per-unit motion of the valve is high compared to the stiffness of efficient
structural design. If the M/KA term is neglected compared to the M/ term, the nat-
ural frequency of the system becomes independent of valve characteristics and the ef-
fective damping is dependent only on the flow-stroke characteristic of the valve.
Piston area and system mass have the same effects as before.

F\G. Wb
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When the effects of “load” or hinge moment.are considered, another change is in-
troduced in the system. Figure VIIc illustrates this configuration. One property of
the system is of particular interest. The system is no longer a zero error servomecha-
nism. This is due to the fact that a finite valve error is required to hold a hinge
moment and results in a smaller deflection of the surface than is called for by the
control colum. This property is sometimes called *‘droop” in regulators and in this
particular case is only of importance when the controlability of the aircraft is con-
sidered. It is not significant or important as a property of the boost itself.

The final illustration of loads with the simple hydraulic equation is given on
Figure VIId. The complexity of the chiracteristic equation .and the parameters have
increased to the point where it is indeed difficult if not impossible to casually
evaluate the effects of number changes. It should be noted, however, that these char-
acteristics possess all the properties of the systems previously discussed. The steady-
state has “droop” and the dynamic characteristics are of the same order as the config-
uration using structural deflection and mass parameters for the load. One property
appears that should be very heartening to irreversible boost system designers: -~ The
addition of hinge-moment tends to make the system more stable. In other words, a sys-
tem that is stable on the ground will not develop self-oscillations in flight.

The dominent feature of the analysis so far is that none of the assumptions made
indicate a tendency toward instability in the characteristic equations. If such is
the case, it is evident that the theory is in error or that sufficient parameters
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have not been taken into account. We are all too well aware that the mechanisms do
oscillate. Actually, it is essential to assume o0il compressibility or cylinder ex-
pansion to account for the unstable properties of this mechanism. The next set of
illustrations have been prepared to contrast with those already illustrated. The
same load impedances will be added to the secand equivalent hydraulic circuit in the
same order. '

Figure VIIIa illustrates the combination of the equivalent hydraulic circuit in-
cluding compressibility effects and a simple mass load. When compared to Figure VIIa,
it is immediately apparent that this system can be unstable even with a very simpli-
fied load. This is the first illustration in which the open-loop transfer function
crosses the -180° axis.

Figure VIIIb illustrates the above configuration with hinge-moment added. As
before, the open-loop transfer function crosses the -180° axis and the addition of
the load introduces “droop” in the same fashion as with the simple circuit.

Figure VIIIc illustrates the compressibility configuration with a load consist-
ing of structural deflection and mass. Again, we have an open-loop transfer function
that crosses the -180° axis and is therefore subject to self-oscillation.
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A final illustration, Figure VIIId, is now presented which has proven to be the
minimum configuration necessary to check experimental data. This configuration in-
cludes the mass and structural deflection term and requires the more complicated hy-
draulic equivalent circuit. In addition, it has been found necessary to include a
term representing structural damping. The hinge moment term has been left out since
it generally improves the stability.

Now that a series of progressively more complicated configurations has been de-
veloped, it is necessary to summarize the importance and signi ficance of the various
parameters that appear in the equations.

a. Pressure-Stroke Curve -- The pressure-stroke curve must be selected as a com-
promise. If the value is too low, an excessive amount of ‘‘droop” is intro-
duced to the system when hinge moment is applied. If the value is too high,
self-oscillation will be encountered. A closer examination will show that,
for stable operation, KA < C"A2 .

b. Flow-Stroke Curve -- The flow-stroke curve dominates the speed of response of
the system. The term _AR, appears as the coefficient of the s term in the

denominator of all configurations. An increase in the flow-stroke curve de-
creases the time constant. This term also has an effect on the stability of
the system since it always appears as a multiplying factor in the open-loop
transfer function. The value of this term should be selected on a basis of
closed-loop time of response requirements, if feasible.

c. System Mass -- The systems examined cannot become unstable without the mass
term. An increase in mass always tends to decrease the stability.
d. Piston Area -- Changes to the piston area affect the system operation in a

manner quite similar to changes in the flow-stroke curve. An increase in
plston area is generally stabilizing but tends to decrease the speed of res-
ponse of the system. Changes in piston area are not considered a satisfac-
tory method of increasing stability.

e. Aerodynamic load -- From the stability point of view, the aerodynamic load
usually has a stabilizing effect and is generally ignored for stability studies.

f. Structural Effects -- The structural stiffness term, together with the mass,
usually define the natural frequency of oscillations or overshoot. As long as
the resulting natural frequency is high compared to the speeds of response re-
quired of the system, the term is not important. If very high speed servos,
such as missile servos, are required, this term becomes significant in the
stability considerations.

g. 011 Compressibility and Cylinder and Line Expansion -- As demonstrated in the
illustrations, instability is not possible without this term. To avoid the
effects of this parameter, it is necessary to use strong short lines, a mini-
mum of piston chamber volume and take considerable care to assure that the
fluid 1s not full of air. :

h. Structural and Aerodynamic Damping -- These terms are generally stabilizing,
but do not offer a good means to improve stability since it is not possible
to control them.
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PART I1

Application and Test Results

Part I of this paper was devoted to the application of servomechanism theory to }
the irreversible hydraulic boost system. This section of the paper will be confined
to a description of an application of the theory to the ailavator boost system of the !
Chance Vought experimental Cutlass, XF7U-1. Actually, the theoretical expressions
could not have been developed or refined without parallel and supporting laboratory ;
investigation. ‘ i

!
1

Development of the complete hydraulic system for the Cutlass included the con-
"struction of a full scale dimensional hydraulic mock-up. In the original planning,
the mock-up was intended for operational and other routine hydraulic tests. The avail |
ability of the hydraulic mock-up offered the possibility of investigating the stability
characteristics of the boost system prior to installation in the first flight article. il
The possibility of avoiding delays to the flight test program by qualifying the boost
system dynamically prior to flight was attractive and actively prosecuted thereafter. !

It was necessary to simulate parameters of the aircraft to a certain extent and it
additions and changes were made to the mock-up accordingly. Airloads were simulated i
by a family of torque tubes producing hinge moments from zero to 1000 foot pounds per f
degree which were calibrated in terms of airspeed at given altitudes. The mass of il
the control surface was represented by a rotating steel body with the same moment of )
inertia as that of the control surface with the same radius arm coupling it to the
boost cylinder. The load can best be pictured as a concentrated mass of 1,700 pounds
attached directly to the boost cylinder. This inertia load assumed a concentrated :
mass rather than the actual case of mass distributed along the torque box of the sur-
face with a concentrated mass terminating the ‘torque box. At the time of construc-
tion of the inertia load, the surface was assumed to be rigid insofar as its dynamic
characteristics at the boost system’s resonant frequencies were concerned. In order
that as many of the aircraft components as possible would be checked in the tests,
actual parts were used to couple the boost cylinder rod end to the mock~up structure
and the boost cylinder to the simulated inertia and aerodynamic spring loads.

The boost cylinder and integral valve housing are shown schematically in Figure I.
It can be seen that positional follow-up is obtained by attaching the rod end to the
structure and the cylinder housing to the load. In this way, once a valve input sig-
nal is received, movement of the housing is initiated and as controlled by the error
between the input signal and the position of the output will continue to move until
the error between the two is brought to zero. Forging of the valve housing and the
cylinder housing as one unit insures a minimum possibility of error entering into the
feedback linkage.

The physical dimensions of the unit were more or less dictated by the extreme
aerodynamic requirements. For example, approximately nine square inches of piston
area were required at a line pressure of 3300 pounds per square inch to match the
hinge moments anticipated as well as a flow of 20 gallons per minute maximum for each
unit. Since the boost system dimensions were not variable, the entire problem of ‘
stability required the determination of valve characteristics as a possible means of ‘

|
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control. Mr. Harris has already discussed the contribution of the valve character-
istics to the analytical approach,

The test program on the irreversible boost system was divided into two distinct
phases, static and dynamic.

The first or static phase entailed the determination of static valve character-
istics and calibration of the instrumentation and was performed in the hydraulic and
electronic test laboratories.

The second or dynamic phase checked the boost system’s open-loop response to a
variable frequency sinusoidal input, emphasized the important role the valve charac-
teristics play in the stability of such a system, and was performed on the hydraulic
mock-up and the aircraft.

The valve under test was of the two land linear slide type with a basic configura-
tion as shown in Figure I. Pressure is introduced as indicated and metered through
an orifice into one cylinder port when the valve slider is displaced. The flow out
of the cylinder caused by pixton motion is metered through a similar orifice to the
return line.

The equipment used in the determination of the valve characteristics was of the
standard hydraulic laboratory type, consisting of a power source similar to that used
in the aircraft, pressure gauges, flow meters, and a test jig for the valve and
fittings.

The total flow versus valve stroke curve was obtained by setting up a hydraulic
circuit as illustrated in Figure II. and obtaining flow measurements for specific
valve slider positions as determined by an accurate dial gauge. By adjusting the by-
pass valve, it was possible to simulate a given differential pressure across the pis-
ton, thus producing the effect of flow controlled by the valve with the piston sub-
jected to a load. BResults of the test are shown in Figure IXa. By removing the ef-
fect of neutral leakage (flow through the valve when the flow to the cylinder is zero),
the resultant curves, Figure IXb, are seen to be similar to vacum tube dynamic char-
acteristics of plate current versus grid voltage for a family of resistive load
impedances.

The differential pressure versus valve stroke curve was determined by use of hy-
draulic circuitry as illustrated in Figure II. Results of the test are shown in
Figure X. Although the flow versus valve stroke curve was determined to be a function
of orifice configuration and line pressure solely, the differential pressure versus
valve stroke curve was found to be affected by orifice configuration, valve land
underlap with respect to the orifice, and the clearance between the valve slider and
the valve sleeve.

Methods of control of the valve characteristics were required, since they effec-
tively determined the internal resistance of the valve R, which is represented by the
slope of the differential pressure versus valve stroke curve divided by the slope of
the flow versus valve stroke curve.

Change of the slope of the flow versus valve stroke curve was a straight forward
correction of the delta area for a given valve slider displacement increment.

The Cutlass valve had two orifices per land with its total stroke (orifice length)
fixed at 0.4 inches. This, perforce, left the only delta area per valve stroke incre-
ment variation possible that of orifice width. The mock-up valve orifices were de-
signed with a width of 0.040 inches whereas the aircraft valve orifices had tips 0.025
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inches wide and gradually broadened to (.080 near maximum valve excursion.

Control of the differential pressure versus valve stroke curve was more diffi-
cult, and was obtained finally by choosing an orifice to fit the flow requirements,
holding the valve land overlap to a definite value, in this case, 0.002 inches, and
then varying the clearance between the valve sleeve and slider until the desired
slope was obtained.

The static tests, then, were useful in obtaining actual values for the slope of
the flow-stroke curve K, the slope of the pressure-stroke curve K, , and the internal
resistance of the valve R.. These tests also disclosed practical means of varying the
valves’ dimensions to obtain the required parameters.

Proceeding with the test program, a sinusoidal input device was designed and
fabricated. This input system consisted of a hydraulic motor driving a variable ampli -
tude scotch yoke through a series of gears with stabilization provided by a flywheel.
The frequency of the unit was varied by adjusting the flow from a hydraulic power
source to the hydraulic motor which was the fixed volumetric displacement type. This
flexibility of control enabled the reduction of operational test time to a minimum.

Instrumentation for the tests consisted of two displacement pick-ups. One re-
corded the position of the valve slider with respect to the valve cylinder housing
(valve error) and the other recorded the position of the cylinder housing with res-
pect to a structural reference which was located adjacent to the point at which the
input member fastened to the structure when closing the servo loop. The pick-‘ups
used were geared up potentiometers in bridge circuits which supplied signals to the
recording apparatus. An oscillograph was used as the recording means which supplied
a stable reference line for measurement of the traces and an electrically driven tun-
ing fork trace for a dependable time reference in addition to the output and error
traces. Figure XI illustrates a sample test record. This test record graphically il-
lustrates the phase lag and amplitude ratio phenomena associated with dynamic tests.
Beduction of the data by use of calibration charts permits the calculation of output
amplitude divided by error amplitude (amplitude ratio) and of percentage lag of the
output to error which when multiplied by 360° produces the phase lag. Comparison of
the error signal trace with the 60 cycles per second timing trace allowed the calcula
tion of the period and the frequency of the error signal. Two output traces were re-
corded during this run, which brings up one difficulty encountered. The original
tests on the mock-up measured output as picked up from motion of the axle on which
the output mass was supported. Examination of the test results indicated very poor
agreement with the analytical solution both in phase and amplitude ratio. It was
learned that the errors were introduced largely by deflection of the axle which pro-
duced translational motion of the pick-up element as well as rotation. To improve
our recording technique and also to verify our interpretation of the discrepancies,
both output traces were recorded, the one from the original pick-up, and one from a
pick-up recording the translational motion of the cylinder housing. The latter re-
sulted in much less scatter of the test points and fairly close agreement with the
analytical predictions.

As each test run was completed, the records were interpreted and plotted in
polar form, phase and amplitude ratio for various frequencies up to 30 cycles per
second. These test results made possible the revision of the analytical parameters.
Test results produced the system’s damped natural frequency and the phase and
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amplitude ratios for definite frequencies. These figures allowed the analyst to vary
the parameters originally assumed. At this point, there was enough information avail-
able upon which to base a new set of valve characteristics designed to deliver opti-
mum performance of the unit under test. Using the revised differential equations,

and applying Nyquist’s stability criteria, valve characteristics were assigned that
would result in such performance.

Tn this test case, the flow versus valve stroke characteristics were already sat-
isfactory which then indicated that a change in differential pressure versus valve
stroke slope would be the only alteration necessary. This was done by honing out the
valve sleeve which effectively altered the characteristics to a small extent which was
all that was indicated to be necessary. This particular valve required removal of
0.0005 inches in diameter. Upon completion of this rework, the tests were repeated
and it was ascertained that for the given condition of operations, no further improve-
ment through rework of the valve could be expected or desired.

The final test results in polar diagram form as compared to the analytically pre-
dicted curve are presented in Figure XII. Although the resonant frequency matches in
phase angle and amplitude ratio, it can be seen that the-predicted curve has a sharp-
er resonant peak and that some of the damping terms appear to differ from the actual
case. However, the correlation was acceptable for the establishment of design para-
meters for stability purposes.

Operation of the boost system was then checked by closing the feed-back loop
which in this case meant coupling the valve slider to the control stick system and
introducing random input disturbances. The boost system operated as anticipated and
was considered to be acceptable for use on the aircraft.
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At this time, the fallacy of a basic assumption became apparent. Upon installa-
tion of the boost system in the aircraft, it was found to be dynamically unstable.
This, of course, indicated a marked difference between the mock-up and the aircraft.
Since the same boost system was involved, the difference had to be attributed to the
supporting structure and to the dynamic characteristics of the control surface. A
detailed structural study at this time would have been too lengthy, therefore, tests
were continued with the boost system mounted in an outer wing panel from the aircraft.
Operation of this assembly indicated visually that the control surface was not rigid
as had been assumed and was undoubtedly contributing to the excessive energy storage
problem as was the structure supporting the boost system. Since any rework of the
structure and the surface to improve their dynamic characteristics would have required
considerable time, and since the likelihood of sufficient improvement was slight, it
was decided that the valve again appeared to provide the most direct means of obtain-
ing an acceptable system. Space limitations precluded the use of the sinusoidal imput
device which was utilized in the mock-up tests so that transient response studies
were substituted. Results of the tests on the wing panel assembly indicated that the
change in -valve characteristics would be too great to be controlled by alteration of
the differential pressure versus valve stroke curve alone. Therefore, the orifice
width was reduced to the next small engraving cutter size which reduced the slope of
the flow versus valve stroke curve. The differential pressure versus valve stroke
curve slope was also reduced to the desired value.

Reduction of the flow-stroke curve slope meant in this case that there would be
a considerable restriction to flow at maximum valve excursion. The hydraulic power
source was not a linear device instead giving increased flow at a reduced pressure.
Thus, it was justifiable to open the valve orifice width near maximum valve excursion
making the flow response curve more nearly linear. Upon installation of the reworked
valve in the wing panel assembly, it was found to operate satisfactorily under all in-
put conditions and was approved for flight.

" One last precautionary stability check was made prior to flight, and that was the
determination of the allowable clearances'in the boost system couplings that would
still permit normal operation. The previous tests had all been conducted with honed
and lapped pins, bushings, and bearing races. The last check was of the boost system
response to random input disturbances as the clearances in all couplings were progres-
sively increased. With the particular system under test, 0,004 inch was found to make
the system marginally stable. This figure was the total clearance for all the joints.
In view of this data, recommendations as to allowable tolerances for the clearance at
each joint were released and the system considered complete.

The usefulness of the frequency response method of analysis was apparent when it
was determined that only minor adjustments of the valve were necessary for optimum per-
formance when designed from analytically derived parameters.

The actual test program verified the usefulness of the frequency response method
and also pointed out some of its limitations.

The limitations result fram the necessity of assumption of certain parameters
such as structural damping. Undoubtedly, errors resulting from such assumptions could
be minimized by careful structural studies of the elements involved. Secondly, analy-
sis will always be subject to 'some error through the introduction of unpredictable
non-linear characteristics and possibility of variations due to fabrication processes.
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STABILITY AND PERFORMANCE CHARACTERISTICS OF AN
IRREVERSIBLE SURFACE BOOST SYSTEM, CHANCE VOUGHT AIRCRAFT
By

E. R. Harris and J. Drew

Chance Vought Aircraft, Dallas, Texas

PART 1
Introduction

The power boosted surface control is a mechanism that has been developed concur-
rently with the progress and development of high performance aircraft. Nothing new
has been added to the basic control configuration; the development of the mechanism
reflects primarily the pilot’s limited ability to deliver power. Means for supple-
menting the pilot’s effort could be provided by mechanical, electrical, hydraulic or
pneumatic devices. The major efforts in this field, however, have been with hydrau-
lic devices and this symposium is assembled to discuss the means and methods used in
the development of hydraulic power boost surface control equipment.

The “irreversible boost system” is receiving a considerable amount of attention
and interest in the aircraft industry at the present time. This device offers a
means of supplying supplementaty power for the pilot and in addition has the desirable
characteristic of isolating the surface forces from the pilot’s control devices. A
successful installation of this type alleviates the aerodynamiscists concern over pe-
culiar hinge moment characteristics and pilot effort problems of high speed flight,
but presents the additional problem of requiring an 1installation of artificial “pilot
feel”.

The basic requirements and the basic mechanisms of power boost equipment are
evidently established, but the unfortunate fact of the matter is that a completely
satisfactory system is not in hand. The systems show a tendency to instability and
the pilot’s characterize the operation of the equipment as “over sensitive.”

In this paper, an effort will be made to discuss the “irreversible boost system”
with particular emphasis on the stability and performance characteristics. Force
feedback systems, the “over-sensitivity” problem, artificial feel, etc., will not be
discussed. Part I is devoted to the application of servo-theory.to the mechanism and

Part II, to a discussion of laboratory results and techniques determined at Chance
Vought.

Deve lopment of the Theory

Figure I has been prepared to illustrate the mechanism under consideration and
to define the parameters. The displacement X; represents the motion received from
the pilot’s control; X, represents the motion imparted to the controlled surface; and
X, represents the difference between X; and X, and is the valve opening. This config-
uration is known as a closed-center irreversible power boost and requires an external
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hydraulic circuit to supply pressure ‘at a constant flow consistent with the maximum
speed requirements of the operator. Figures Ia and-Ib have been prepared to illus-
trate other configurations that satisfy the same definitions. These configurations
are basically the same as that of Figure I, and mathematical expressions developed
for any one of them can be applied directly to another. The configuration of Figure I
has been selected for discussion because it is the most elementary and it is the con-
figuration with which we have had the most experience. Let it suffice to say that

the configurations differ only in geometry and these properties appear as multiplying
factors in the open-loop transfer function.

As in most servo theory, it is convenient to revert directly to an examination
of the relationship between the output X and the error X . In this case, the valve
characteristics dominate the considerations. Pressures and flows are excited by
valve error which in turn direct output motion. Since the output pressure is totally
dependent on the character of the ‘“load”, it is evident that an expression relating
valve motion to output motion for an arbitrary load must first be developed.

There are two significant characteristics of a valve which can be used to devel-
op the expression. The first is the flow-stroke characteristic and the second is the
pressure-stroke characteristic. Figure II has been prepared to illustrate suitable
test methods for determining these characteristics for any given valve. Over a short
range and particularly nearXE; 0, the following equations may be used:

I;: K'Xe
and

Q. = K, X,

166 - Al



X, — FIG. 1a
) I N | TO
| SURFACE
N | —1 -,
SCHEMATIC

CLOSED CENTER IRREVERSIBLE BOOST SYSTEM
DIFFERENTIAL BAR FOLLOW-UP

s—PRESSURE FIG. Ib
TO
CONTROLS
TO
D
7 SURFACE

SCHEMATIC

CLOSED CENTER IRREVERSIBLE BOOST SYSTEM
VALVE CASE OR VALVE SLEEVE FOLLOW-UP |

O

|
!
- 167 - |
|
l
|




hl - ll'.,

T0O RESERVOIR RETURN
PRESSURE SOURCE t

DISPLACEMENT
MEASUREMENT

FLOW
MEASUREMENT

" i

FLOW-STROKE CURVE PRESSURE - STROKE CURVE
FIGURE II
FIG I
Ry

X R =Y

FOUR-WAY VALVE EQUIVALENT
CIRCUIT

- 168 -



- ol

Now, if methods of the electrical engineers are borrowed, an equivalent hydraulic cir-
cuit can be assumed. Figure III illustrates an equivalent circuit that satisfies the
assumed proportional characteristics of the valve. Using the schematic, a pressure
drop equation can be written as follows:

P€ :Rﬂ Qlt

Where P is the pressure rise and R, Q,, 1s the pressure drop. When the expressions

for the flow-stroke and pressure-stroke are substituted, for P and Q,., R, ;¢ expressed

in terms of constants.

. K
KX€=BVK1XE ; HV——E
or
R = Pressure = stroke slope

° Flow - stroke slope

This method of determining the internal “resistance” of the valve is analogous
to methods used to determine generator internal impedance, electronics amplifier out-
put imedance, etc. Having established an equivalent circuit for the valve, it is now
possible to develop an expression relating X, and X_ for an arbitrary “load”. Again,
using electrical engineering terminology, the load will be called an ““impedance” Z;
and will have dimensions of pressure per unit flow. The impedance may be added to
the basic equivalent circuit as shown in Figure IV.
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Equating pressure rises to pressure drops,

and substituting:

and q, <A X;s

The ratio of X, to X_is developed.

- _K . ,1,_ 1
Xe AR, s 1+2L(_%ZZ’
v

This expression may be called the open loop transfer function for an arbitrary load.

Without considering the effects of ZL’ the expression has the characteristics of a
zero position servomechanism.

Before proceeding to a detailed examination of load impedance and its effect on
the transfer function, a word or two must be said about an alternate equivalent cir-
cuit. Under most circumstances, the compressibility of the fluid and deformation of
lines and cylinders must be taken into account. In this case a two-loop equivalent
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circuit must be assumed as shown in Figure V. The expression for the transfer func-
tion may be solved in the same manner as before, giving

X,,= K 1 1
X, AR s 1+ ZL(R Cs + 1)

v

For the moment, it will be convenient to abandon the generalized transfer functions
and examine the character of the load impedance Z, in detail. The load pressure p,
resulting from flow ¢, is due to mechanical phemonena such as hinge moment, surface
mass, friction, etc., and consequently a conversion factor is necessary to relate hy-
draulic to mechanical phenomena. The impedance YA has been defined as the ratio of
Py to g, :

Z Py
L ql.

but since

pL_

9@

o

F

o

s X

o

1
2 oy

The hydraulic load impedance Z, can be determined by solving for the mechanical impe-
dance and multiplying by 1/4%, the conversion factor.

Figures VIa, VIb, VIc & VId have been prepared to illustrate solutions of the hy-
draulic load impedance for increasingly complex systems. The next step is to combine
the equivalent valve circuit and the load impedance and examine progressively the
effects on the open and closed transfer functions and the closed loop transient res-
ponse.

Figure VIT illustrates the case of Z;, = 0. The open loop transfer function plots
along the ~j axis, the closed loop has the pure time lag characteristic and the tran-
sient solution is shown accordingly. It is interesting to note that it is impossible
to make this system unstable. An increase in the flow stroke curve K/R, or a decrease
in the piston area A both serve to decrease the time of response, but extension to
limits simply reduces or increases the speed of the system. It is also evident that
the steady state response of the mechanism is independent of the parameters.

Figure VIIa illustrates the condition in which the load is composed of mass only.
This particular condition illustrates some of the confusing aspects of this type of
mechanism. For example, by examination of the expressions for w, and { it is evident
that the natural frequency and the damping are both increased for an increase of the
piston area. It is contradictory in a sense, since an increase in the piston area
intuitively decreases the speed! The explanation is however, that the damping in-
creases much faster than the natural frequency and affects a net decrease. The effect
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of changes in the mass M i1s more evident. An increase in the mass of the system de-
creases the natural frequency and the damping and should be avoided if at all possible.
The best control of the amount of damping is provided by"K/R;, The flow-stroke curve
which appears in the open loop transfer function as a gain factor. A reduction of

the flow stroke curve will increase the damping factor and not alter the natural fre-
quency. Again the assumed conf1gurat10n is stable and self-sustained oscillation is
not possible.

Figure VIIb illustrates the case in which it is assumed that structural deflec-
tions take place between the output piston and the surface mass, The eddition of the
structural deflection term alters the dynamic characteristics of the system, but
leaves the steady-state unaltered. Of particular interest again is the fact that this
system cannot become unstable by any manipulation of parameters. The open-loop trans-
fer function does not cross the -180° axis. One particularly interesting feature of
this configuration is the appearance of terms in the numerator of the closed-loop
transfer function This introduces a zero or null into the transfer function plot
and means that X }does not respond to. X_or X, at this frequency. Another interest-

- ing feature of This configuration is t.hat the natural frequency term associated with
the system mass and the valve pressure-stroke curve becomes unimportant. To illus-
trate, typical values of ¥/C'-and M/KA;are 100x10"6/and 10x3n~¢ respectively. The ratio
of these numbers is 1ndependent of the mass of the system and the implication is that
the force per-unit motion of the valve is high compared to the stiffness of efficient

structural design. If the M/KA term is neglected compared to the M/G term, the nat-
ural frequency of the system becomes independent of valve characteristics and the ef-
fective damping is dependent only om the flow-stroke characteristic of the valve.
Piston area and system mass have the same effects as before.
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When the effects of “load” or hinge moment.are considered, another change is in-
troduced in the system. Figure VIIc illustrates this configuration. One property of
the system is of particular interest. The system is no longer a zero error servomecha-
nism. This is due to the fact that a finite valve error is required to hold a hinge
moment and results in a smaller deflection of the surface than is called for by the
control colum. This property is sometimes called **droop” in regulators and in this
particular case is only of importance when the controlability of the aircraft is con-
sidered. It is not significant or important as a property of the boost itself.

The final illustration of loads with the simple hydraulic equation is given on
Figure VIId. The complexity of the characteristic equation .and the parameters have
increased to the point where it is indeed difficult if not impossible to casually
evaluate the effects of number changes. Tt should be noted, however, that these char-
acteristics possess all the properties of the systems previously discussed. The steady-
state has “droop” and the dynamic characteristics are of the same order as the config-
uration using structural deflection and mass parameters for the load. One property
appears that should be very heartening to irreversible boost system designers:-- The
addition of hinge-moment tends to make the system more stable. In other words, a sys-
ten that is stable on the ground will not develop self-oscillations in flight.

The dominant feature of the analysis so far is that none of the assumptions made
indicate a tendency toward instability in the characteristic equations. If such is
the case, it is evident that the theory is im error or that sufficient parameters
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have not been taken into account. We are all too well aware that the mechanisms do
oscillate, Actually, it is essential to assume oil compressibility or cylinder ex-
pansion to account for the unstable properties of this mechanism. The next set of
illustrations have been prepared to contrast with those already illustrated. The
same load impedances will be added to the second equivalent hydraulic circuit in the
same order.

Figure VIITa illustrates the combination of the equivalent hydraulic circuit in-
cluding compressibility effects and a simple mass load. When compared to Figure VIIa,
it is immediately apparent that this system can be unstable even with a very simpli-
fied load. This is the first illustration in which the open-loop transfer function
crosses the -180° axis. '

Figure VITIb illustrates the above configuration with hinge-moment added. As
before, the open-loop transfer function crosses the -180° axis and the addition of
the load introduces “droop” in the same fashion as with the simple circuit.

Figure VIIIc illustrates the compressibility configuration with a load consist-
ing of structural deflection and mass. Again, we have an open-loop transfer function ‘
that crosses the -180° axis and is therefore subject to self-oscillation. ;
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PART I1

Application and Test Results

Part I of this paper was devoted to the application of servomechanism theory to
the irreversible hydraulic boost system. This section of the paper will be confined

© to a description of an application of the theory to the ailavator boost system of the
Chance Vought experimental Cutlass, XF7U-1. Actually, the theoretical expressions
could not have been developed or refined without parallel and supporting laboratory
investigation.

Development of the complete hydraulic system for the Cutlass included the con-
"struction of a full scale dimensional hydraulic mock-up. In the original planning,
the mock-up was intended for operational and other routine hydraulic tests. The avail
ability of the hydraulic mock-up offered the possibility of investigating the stability
characteristics of the boost system prior to installation in the first flight article.
The possibility of avoiding delays to the flight test program by qualifying the boost
system dynamically prior to flight was attractive and actively prosecuted thereafter.

It was necessary to simulate parameters of the aircraft to a certain extent and
additions and changes were made to the mock-up accordingly. Airloads were simlated
by a family of torque tubes producing hinge moments from zero to 1000 foot pounds per
degree which were calibrated in terms of airspeed at given altitudes. The mass of
the control surface was represented by a rotating steel hody with the same moment of
inertia as that of the control surface with the same radius arm coupling it to the
boost cylinder. The load can best be pictured as a concentrated mass of 1,700 pounds
attached directly to the boost cylinder. This inertia load assumed a concentrated
mass rather than the actual case of mass distributed along the torque box of the sur-
face with a concentrated mass temminating the ‘torque box. At the time of construc-
tion of the inertia load, the surface was assumed to be rigid insofar as its dynamic
characteristics at the boost system’s resonant frequencies were concerned. In order
that as many of the aircraft components as possible would be checked in the tests,
actual parts were used to couple the boost cylinder rod end to the mock-up structure
and the boost cylinder to the similated inertia and aerodynamic spring loads.

The boost cylinder and integral valve housing are shown schematically in Figure I.

It can be seen that positional follow-up is obtained by attaching the rod end to the
structure and the cylinder housing to the load. In this way, once a valve input sig-
nal is received, movement of the housing is initiated and as controlled by the error
between the input signal and the' position of the output will continue to move until
the error between the two is brought to zero. Forging of the valve housing and the
cylinder housing as one unit insures a minimum possibility of error entering into the
feedback linkage.

The physical dimensions of the unit were more or less dictated by the extreme
aerodynamic requirements. For example, approximately nine square inches of piston
area were required at a line pressure of 3300 pounds per square inch to match the
hinge moments anticipated as well as a flow of 20 gallons per minute maximum for each
unit. Since the boost system dimensions were not variable, the entire problem of
stability required the determination of valve characteristics as a possible means of




control. Mr. Harris has already discussed the contribution of the valve character-
istics to the analytical approach.

The test program on the irreversible boost system was divided into two distinct
phases, static and dynamic.

The first or static phase entailed the determination of static valve character-
istics and calibration of the instrumentation and was performed in the hydraulic and
electronic test laboratories.

The second or dynamic phase checked the boost system’s open-locp response to a
variable frequency sinusoidal input, emphasized the important role the valve charac-
teristics play in the stability of such a system, and was performed on the hydraulic
mock-up and the aircraft.

The valve under test was of the two land linear slide type with a basic configura-
tion as shown in Figure I. Pressure is introduced as indicated and metered through
an orifice into one cylinder port when the valve slider is displaced. The flow out
of the cylinder caused by pixton motion is metered through a similar orifice to the
return line.

The equipment used in the determination of the valve characteristics was of the
standard hydraulic laboratory type, consisting of a power source similar to that used
in the aircraft, pressure gauges, flow meters, and a test jig for the valve and
fittings.

The total flow versus valve stroke curve was obtained by setting up a hydraulic
circuit as illustrated in Figure II. and obtaining flow measurements for specific
valve slider positions as determined by an accurate dial gauge. By adjusting the by-
pass valve, it was possible to simulate a given differential pressure across the pis-
ton, thus producing the effect of flow controlled by the valve with the piston sub-
jected to a load. Results of the test are shown in Figure IXa. By removing the ef-
fect of neutral leakage (flow through the valve when the flow to the cylinder is zero),
the resultant curves, Figure IXb, are seen to be similar to vacum tube dynamic char-
acteristics of plate current versus grid voltage for a family of resistive load
impedances.

The differential pressure versus valve stroke curve was determined by use of hy-
draulic circuitry as illustrated in Figure II. Results of the test are shown in
Figure X. Although the flow versus valve stroke curve was determined to be a function
of orifice configuration and line pressure solely, the differential pressure versus
valve stroke curve was found to be affected by orifice configuration, valve land
underlap with respect to the orifice, and the clearance between the valve slider and
the valve sleeve.

Methods of control of the valve characteristics were required, since they effec-
tively determined the internal resistance of the valve R, which is represented by the
slope of the differential pressure versus valve stroke curve divided by the slope of
the flow versus valve stroke curve.

Change of the slope of the flow versus valve stroke curve was a straight forward
correction of the delta area for a given valve slider displacement increment.

The Cutlass valve had two orifices per land with its total stroke (orifice length)
fixed at 0.4 inches. This, perforce, left the only delta area per valve stroke incre-
ment variation possible that of orifice width. The mock-up valve orifices were de-
signed with a width of 0.040 inches whereas the aircraft valve orifices had tips 0.025
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inches wide and gradually broadened to 0,080 near maximum valve excursion.

Control of the differential pressure versus valve stroke curve was more diffi-
cult, and was obtained finally by choosing an orifice to fit the flow requirements,
holding the valve land overlap to a definite value, in this case, (0,002 inches, and
then varying the clearance between the valve sleeve and slider until the desired
slope was obtained.

The static tests, then, were useful in obtaining actual values for the slope of
the flow-stroke curve K, the slope of the pressure-stroke curve K, , and the internal
resistance of the valve R . These tests also disclosed practical means of varying the
valves’ dimensions to obtain the required parameters.

Proceeding with the test program, a sinusoidal input device was designed and
fabricated. This input system consisted of a hydraulic motor driving a variable ampli -
tude scotch yoke through a series of gears with stabilization provided by a flywheel.
The frequency of the unit was varied by adjusting the flow from a hydranlic power
source to the hydraulic motor which was the fixed volumetric displacement type. This
flexibility of control enabled the reduction of operational test time to a mininmum.

Instrumentation for the tests consisted of two displacement pick-ups. One re-
corded the position of the valve slider with respect to the valve cylinder housing
(valve error) and the other recorded the position of the cylinder housing with res-
pect to a structural reference which was located adjacent to the point at which the
input member fastened to the structure when closing the servo loop. The pick~ups
used were geared up potentiometers in bridge circuits which supplied signals to the
recording apparatus. An oscillograph was used as the recording means which supplied
a stable reference line for measurement of the traces and an electrically driven tun-
ing fork trace for a dependable time reference in addition to the output and error
traces. Figure XI illustrates a sample test record. This test record graphically il-
lustrates the phase lag and amplitude ratio phenomena associated with dynamic tests.
Reduction of the data by use of calibration charts permits the calculation of output
amplitude divided by error amplitude (amplitude ratio) and of percentage lag of the
output to error which when multiplied by 360° produces the phase lag. Comparison of
the error signal trace with the 60 cycles per second timing trace allowed the calcula
tion of the period and the frequency of the error signal. Two ontput traces were re<
corded during this run, which brings up one difficulty encountered. The original
tests on the mock-up measured output as picked up from motion of the axle on which
the output mass was supported. Examination of the test results indicated very poor
agreement with the analytical solution both in phase and amplitude ratio. It was
learned that the errors were introduced largely by deflection of the axle which pro-
duced translational motion of the pick-up element as well as rotation. To improve
our recording technique and also to verify our interpretation of the discrepancies,
both output traces were recorded, the one from the original pick-up, and one from a
pick-up recording the translational motion of the cylinder housing. The latter re-
sulted in much less scatter of the test points and fairly close agreement with the
analytical predictions.

As each test run was completed, the records were interpreted and plotted in
polar form, phase and amplitude ratio for various frequencies up to 30 cycles per
second. These test results made possible the revision of the analytical parameters.
Test results produced the system’s damped natural frequency and the phase and
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amplitude ratios for definite frequencies. These figures allowed the analyst to vary
the parameters originally assumed. At this point, there was enough information avail-
able upon which to base a new set of valve characteristics designed to deliver opti-
mum performance of the unit under test. Using the revised differential equationms,

and applying Nyquist’'s stability criteria, valve characteristics were assigned that
would result in such performance.

Tn this test case, the flow versus valve stroke characteristics were already sat-
isfactory which then indicated that a change in differential pressure versus valve
stroke slope would be the only alteration necessary. This was done by honing out the
valve sleeve which effectively altered the characteristics to a small extent which was
all that was indicated to be necessary. This particular valve required removal of
0.0005 inches in diameter. Upon completion of this rework, the tests were repeated
and it was ascertained that for the given condition of operations, no further improve-
ment through rework of the valve could be expected or desired.

The final test results in polar diagram form as compared to the analytically pre-
dicted curve are presented in Figure XII. Although the resonant frequency matches in
phase angle and anplitude ratio, it can be seen that the -predicted curve has a sharp-
er resonant peak and that some of the damping terms appear to differ from the actual
case. However, the correlation was acceptable for the establishment of design para-
meters for stability purposes.

Operation of the boost system was then checked by closing the feed-back loop
which in this case meant coupling the valve slider to the control stick system and
introducing random input disturbances. The boost system operated as anticipated and
was considered to be acceptable for use on the aircraft.

Fig XII
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At this time, the fallacy of a basic assumption became apparent. Upon installa-
tion of the boost system in the aircraft, it was found to be dynamically unstable.
This, of course, indicated a marked difference between the mock-up and the aircraft.
Since the same boost system was involved, the difference had to be attributed to the
supporting structure and to the dynamic characteristics of the control surface. A
detailed structural study at this time would have been too lengthy, therefore, tests
were continued with the boost system mounted in an outer wing panel from the aircraft.
Operation of this assembly indicated visually that the control surface was not rigid
as had been assumed and was undoubtedly contributing to the excessive energy storage
problem as was the structure supporting the boost system. Since any rework of the
structure and the surface to improve their dynamic characteristics would have required
considerable time, and since the likelihood of sufficient improvement was slight, it
was decided that the valve again appeared to provide the most direct means of obtain-
ing an acceptable system. Space limitations precluded the use of the sinusoidal input
device which was utilized in the mock-up tests so that transient response studies
were substituted. Results of the tests on the wing panel assembly indicated that the
change in valve characteristics would be too great to be controlled by alteration of
the differential pressure versus valve stroke curve alone. Therefore, the orifice
width was reduced to the next small engraving cutter size which reduced the slope of
the flow versus valve stroke curve. The differential pressure versus valve stroke
curve slope was also reduced to the desired value.

Reduction of the flow-stroke curve slope meant in this case that there would be
a considerable restriction to flow at maximum valve excursion. The hydraulic power
source was not a linear device instead giving increased flow at a reduced pressure.
Thus, it was justifiable to open the valve orifice width near maximum valve excursion
making the flow response curve more nearly linear. Upon installation of the reworked
valve in the wing panel assembly, it was found to operate satisfactorily under all in-
put conditions and was approved for flight.

" One last precautionary stability check was made prior to flight, and that was the
determination of the allowable clearances'in the boost system couplings that would
still permit normal operation. The previous tests had all been conducted with honed
and lapped pins, bushings, and bearing races. The last check was of the boost system
response to random input disturbances as the clearances in all couplings were progres-
sively increased. With the particular system under test, 0.004 inch was found to make
the system marginally stable. This figure was the total clearance for all the joints.
In view of this data, recommendations as to allowable tolerances for the clearance at
each joint were released and the system considered complete.

The usefulness of the frequency response method of analysis was apparent when it
was determined that only minor adjustments of the valve were necessary for optimum per-
formance when designed from analytically derived parameters.

The actual test program verified the usefulness of the frequency response method
and also pointed out some of its limitations.

The limitations result from the necessity of assumption of certain parameters
such as structural damping. Undoubtedly, errors resulting from such assumptions could
be minimized by careful structural studies of the elements involved. Secondly, analy-
sis will always be subject to 'some error through the introduction of unpredictable
non-linear characteristics and possibility of variations due to fabrication processes.




In conclusionthen, it may be said that the frequency response method of analysis
presents a powerful design tool for the development of power boost systems and that
its use should result in a valuable reduction in test time and the possibility of elim-
inating the need of mock-up tests.

* %%

DISCUSSION

PROFESSOR GROSSER, Syracuse University: In the light of Mr. Harris’ general
comments about the effects of varying the different quantities involved, it might be
interesting to review some work that was done some time ago on a microscoplc basis
with many assumptions made which invalidate the results to some degree. However, one
conclusion that was reached on the basis of writing a differential equation of second
order assuming incompressibility, and assuming no leakage either in the valve or at
the piston. A non-dimensional parameter was found that indicated that instability can
occur in the presence of rigidity either of the fluid or the mechanical members. In
that parameter appears a mass term and checks your statement that increase of output
mass reduces stability to the first order. Cylinder diameter increased stability to
the third degree. The size of the valve operation, the valve ports decreased stabil-
ity to the first degree. The size of the signal, which in the non-linear analysis
came in importantly, showed that the amplitude of motion decreased stability to the
first degree and the response ratio or the ratio of the movement of the valves to the
cylinder reduced stability to the second degree. The ratio of the movement of the
valve to the movement of the cylinder, the linkage ratio, decreased stability to the
second degree. I thought that perhaps might be interesting.

MR. RICHOLT, Lockheed Aircraft: I wonder if he can go over that fixing valve
again. What modifications were made to take care of that?

MR. DREW: When we switched over to the actual aircraft itself we found it neces-
sary to reduce the flow slope. Our original valve had orifices, and to reduce the
stroke of the flow curve, we found it necessary to reduce this width near neutral,
which was .095". However, that meant that we had too great a restriction of flow in
it so we couldn’t meet aerodynamic requirements, and since its power source was non-
linear, we felt we were justified in opening it up so that once we got the surface
moving, we would have effectively no restrictions as we opened the valve up wide.

That was sticking our neck out a little. We did all the calculations we could but
it is a little hard to specify the characteristics of the non-linear orifice.

RICHOLT: You are uncovering successive portions of the valve.
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DREW: Yes, you could assume the closed position was gradually opened.

MR. GRANT, Hughes Aircraft: I don’t want to argue about the future possibili-
ties of theory application but if you hadn’t done any of these calculations and ana-
lyses and just started out to build an irreversible booster and went by your own and
other people’s experience, what could the results have been? In other words, all you
got out of those calculations was that opening.

DREW: That is all that is necessary to go from stable to unstable.

GBRANT: We assume we know in advance in other designs. Do you think you saved
anything by going through the calculations?

DREW: The original design was not on the 040 linear orifice. Before the group
was formed, they designed this thing. They had something that nearly tore the mock-up
right out of the lab, so at that time we were just entering the work and on the basis
of our recommendation, we got the 040 orifice and when that was installed, it was
marginally stable because we hadn’t assumed the proper damping characteristics. Then
revising those figures in our analysis, we were able to determine that all we would
have to do is change the pressure slope stroke. If we hadn’t been able to predict
where we were going, we would have had to make new valves, and the engraving process
involved would have meant $500,000 per valve. This way Ut was just a matter of time.

GRANT: You feel then that the analysis time cost less than making that series
of valves?

DREW: Very definitely, Of course, now I should say it will become cheaper as
far as analyzing but the valves still cost the same.
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DESIGN OF A POWER CONTROL SYSTEM FOR A TRANSONIC AIRPLANE

By

M. V. Clauser
Douglas Aircraft Company, Inc., El Segundo, California

1. Summary

This report is a description of the design of a power servomechanism for control-
ling the elevon of the XF4D-1 airplane. The report was made for delivery at a con-
ference on power control systems sponsored by the Bureau of Aeronautics. A general
discussion is given of the aerodynamic and structural factors which determine the
type of power system. The hydraulic system is described and the control valve shown.
The artificial feel generator for providing pilot’s feel is described. The dynamic
stability problem of the servomechanism is presented in detail. The test results of

a dynamic model of the servo system are given and discussed. Recommendations for
future development of hydraulic control systems are made.

2. Introduction

The problem treated here is that of designing a control system for the elevon of
a supersonic interceptor. Fig. 1 shows the type of airplane and elevon considered.
The hinge moments of the surface increases abruptly for.93 < M < 1.1. This increased
hinge moment produces about the same rolling moment as the lower hinge moment for
M <.93. The hinge monent required for ¥ >. 93 precludes the possibility of direct
pilot control. With the addition of a power servomechanism to the control system, the
following problems have to be considered:

1. The lightest type of power system.

2. Influence of the structural strength of the wing on the power system; or conversely,
the effect of the power system on the strength of the wing.

3. Feel for the pilot.
4. Dynamic stability of the servomechanism.

3. Determination of the Type of System

Aerodynamic Bequirements

The principal performance characteristic of the airplane considered here which de-

termines the design of the elevon control system is high maneuverability at Mach
numbers up to 1.5.
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Fig. 2

Fig. 2 shows the variation of the elevon hinge moment coefficient slope with Mach
number for the wing-elevon combination chosen to meet the performance specifica-
tions. The maximum hinge moment that the control system has to produce is deter-
mined by the high Mach number condition and the rate of roll required at this Mach
number. This rate of roll is the same as that required below M = .93. The maxi-
mum power required from the control system is also determined by the high Mach
number condition. Table I lists several representative performance conditions for
the control system.

The angular velocities of the surface are determined by the arbitrary condition
that the time to deflect the surface to one-half its final angle shall be no more
than 20% of the time which would be required to roll 45° if the surface had been
deflected instantaneously. From Table I it can be seen that at ¥ < .93, the sys-
tem should be able to deliver moderate powers at high angular velocities. At

M > .93 maximum power is required but can be delivered at a lower velocity because
the required maximum displacements are small.-

Type of Power System

The lightest type of system for delivering horsepowers in the order of 12 H. P.

is an hydraulic system. An hydraulic system can be designed so that the pump is
picked for the maximum horsepower condition at M > .93. An accumlator can be used
to supply the high velocities required at M < .93. Fig. 3 is a schematic of the
basic control system.

AL
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TABLE 1

DETERMINATION OF MAXIMUM RATE OF ELEVON MOTION

T Time .2 to Time for Rate H.P.
M Alt. aA to 45° 45 Full Dasp. | YSEC Max.
1. .29 20, 000 20. 5 .15 .30 66.7 1.36
2. .40 20, 000 9.2 .75 .15 .30 30.6 .56
3. .54 20, 000 8.7 .55 .110 .22 39.5 1.40
4. 79 20, 000 6.5 .44 .088 .176 37.0 2.48
5. .46 40, 000 20. .70 .14 .28 71.4 1.58
6. .63 40, 000 9.0 .71 .142 . 284 31.7 .66
7. .85 40,000 6.3 .61 122 .244 25.8 .92
8. .20 S.L. 16. .86 172 .344 46.5 5.44
9. .56 S.L. 9.5 .39 .078 . 156 60. 8 2.72
10 .90 S.L 3.5 A7 .094 .188 18.6 .70
RESERVOIR
’ VARIABLE ~DISPLRCEMENT
puMP | ACCUMULATOR
-
CONTROL A7
STICK = -
V£ AV 7 ML
fﬁﬂ € , )
vl oL 75

Fig. 3
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It can be seen that the system is irreversible and has position feedback only.
Since there is no force feedback, an artificial feel generator has to be provided.
This feel generator will be discussed later.

Structural Limitation

The rapid change in CHS for .93 < M < 1.1 complicates the control problem. A capac-
ity for producing a high hinge moment must be provided for M > 1.1, This moment,
however, is sufficient to fail the wing for M < 1.1, Fig. 4 shows the elevon angle
for developing design wing torque for n = 0 and n = 6 (n = airplane load factor);
and the angle available, limited by stops and maximum hinge moment. One possible
method for protecting the wing would be to control the feel generator such that
the force gradient at the stick would limit the surface angles that the pilot can
produce to fall within the envelope of Fig. 4. However, pitching forces as well

‘ as rolling forces load the wing and the force gradients at the stick for pitching

1 and rolling must be controlled independently. Thus, the total surface angle for

{ maximum pilot’s force in both pitch and roll would have to be less than the allow-
able as shown by Fig. 4. If this were done, the performance in pitch alone or the
per formance in roll alone or both would not be met. Also, it is felt that limiting
the angle by pilot’s force is not desirable because of the small surface deflec-
tion for wing failure. Possible time lags in the feel generator might allow over-
shoot of the safe angle.

Several methods of limiting the elevon angle as a function of Mach number were
studied. Varying the hydraulic system pressure with Mach number appears to be the
best compromise. The variation of hinge moment with Mach number that is used is
shown in Fig. S§.

200,000
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]

100,000
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Q
=
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The elevon angle that can be produced with this type of control is shown on Fig. 4
and follows the desired curve very closely. This angle relation (at sea level) de-
pends primarily on Mach number only.

Hydraulic System

Since condition 5 of Table I has the maximum rate and maximum deflection, it deter-
mines the accumlator capacity required. Conditions 5 and 9 determine the pressure
drop allowable across the valve and through the lines. The maximum Mach number
condition determines the cylinder size and the pump capacity.

Since the accumlators are used for high velocities, the hydraulic system has to be
of the pressurized-in-flight type. A valve of the type shown schematically by Fig. 6
was considered for the elevon control. The error signal moves a pilot valve “A”
which meters a steady bleed flow through orifices “C”. The pressure differential
caused by the metering of valve “A” acts on control valves “B”.- Valves “B” meter

the main system pressure to the actuating cylinder. The pressure in the cylinder
feeds back a force to valves “B”. This type of valve produces a pressure in the
cylinder that is proportional to error signal. In the interest of simplicity, it
was decided to use a conventional balanced type slide valve. However, it is felt
that a valve such as Fig. 6 warrants further study.

Fig. 7 is a schematic of the control valve that is to be used. Valve ‘“A” is the
selector valve. The damper ‘“B” and the springs K, and K, form a stabilizing device
by attenuating the error signal at high frequencies.

It can be seen that at very low frequencies, the damper force is negligible and the
valve amplitude is the same as the error signal. At high frequencies, the damper
is essentially motionless and the valve amplitude is K&/K2 + K )times the amplitude

of the error signal. Valve“C” is a pressure reducing valve to reduce the system .
pressure at M < 1,1, Valve “C” is controlled by the pilot valve ‘“D” which in turn
is actuated by the Mach meter. At M < .93, the pressure available at the valve
“A” is only 400 p.s.i.; but the high flow conditions occur for M < .93 (Ref. Table
I). In order to obtain the flows required and to compensate for the pressure drop
through the valve and lines, it is necessary to increase the pressure at 4” as a
function of flow. This is done by feeding back the pressure drop across the ori-
fice “F” to the pressure reducing pilot *‘D”. Valve “G” is a switching valve to
switch from the elevon pressure system to the airplane utility system in case of
failure of the elevon pressure.

In order to design the control valve and pick the line sizes, 1t was necessary to
find the maximum pressure drop characteristic through the valve that would allow

the conditions of Table I to be met. It was assumed that the moment delivered to
the elevon would be a parabolic function of the form M.==Mb - CB3?, where B is the
angular velocity of the surface. From this assumption, the equation of motion for
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the elevon was integrated and the coefficient C computed for each condition of %
Table I. It was desired that C be as.large as possible yet a minimum value would p
' be fixed by the critical condition of Table I. Condition 9 gave the smallest value
{ of C. (See Fig. 8). i
Fig. 8 shows the angle vs. time curve for condition 9. This condition also deter- 1
mines the maximum error between the stick and the corresponding surface angle since i
it is a requirement that the surface never lag the stick by more than .05 seconds. 1
The maximum allowable valve travel thus corresponds to 2.1° of elevon.

Curve “A” of Fig. 9 shows the minimum required Moment curve computed using the crit- L
ical value of K. Condition 5 of Table I designs the pressure drop characteristics 3
of the system. It can be seen from Fig. 9 that performance conditions such as 1
and 5 of Table I, where large deflections at high average angular velocities are

1 desired, will require large lines if they are to be made at low temperatures. The

§ lines of constant temperature, shown on Fig. 9, are for one particular line size.
Fig. 9 clearly shows that a compromise must be made between weight of lines and
the temperature at which the maneuvers 1 and 5 of Table I can be made. Since con-
ditions {1 and 5 are both low Mach number maneuvers, it is felt that the time for
full deflection at low temperatures. can be sacrificed for line weight.

Feel Generator

Fig. 10 shows schematically the feel generator for aileron motion. An identical
unit is used for elevator motion. Fig. 1] shows the desired variation of stick
force gradient as a function of dynamic pressure, g,.
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Fig. 12

The torque-current characteristic of a typical clutch is as shown by Fig. 12. Two
of the clutches are geared together and are driven by a continuously rotating
motor. The output shafts mesh with a common gear attached to a shaft that feeds
motion back to the stick. The stick also drives a potentiometer. The potentio-
meter and the clutch coils are connected as shown in the circuit diagram. When
the potentiometer is centered, a small, equal current flows in each clutch coil.
If the current in each clutch coil is equal, no torque is delivered to the stick
shaft. As the potentiometer is displaced from neutral, a torque proportional to
displacement is fed back to the stick. A pressure sensing element drives another
potentiometer to vary the force gradient with g . Trim adjustment is accomplished
by a motor that drives the case of the torque potentiometer. It is felt that this
type of feel generator has better flexibility and compactness than any other sys-
tem studied.

4. Dynamic Stability

Transfer Function of the Basic System

Fig. 13 (a) shows a schematic diagram of the elevon servomechanism. The frequency
response method using the LaPlace transformation of the linear differential equa-
tions of motion as outlined in Ref. 1, seems to be the most effective method of
studying the stability of a servomechanism. From Fig. 13 (b) it can be seen that

8’=-2—(8i_80)=-—g- E-_-KAG (1)
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b/a is a gain constant which can.be represented by K, and € is the error signal.

The block diagram of the servomechanism is shown by Fig. 14. The function G, ()
is the response of the valve-cylinder combination to an error signal €.

: & KL Kq 8 Kv: Gv(iw) So -

Fig. 14
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The determination of the valve characteristic is one of the most important parts
of the analysis since there appears to be the least information available on this
subject.

With a displacement of the valve slide, an area is opened to admit fluid as well
as exhaust fluid from the cylinder. If the resulting rate of flow of fluid through
these areas is Q then the total pressure drop across the valve is

AP= f (A, A, Q)

. )
P
I
i
|
|
|
|
\
|
i

where»At and A2 are the entrance and exhaust areas of the valve

To determine the nature of the functions f, fi' and f, would require a knowledge
of the nature of the flow through the valve and lines. Since these undoubtedly
are not linear functions, they would not be usable in the analysis of the differ- ‘
ential equation which must be linear for solution by the method of the LaPlace '
transform. Keeping this in mind, an approximation will be made which is linear,

|
|
end Ag= S (8,) Ay = fh(%,)
1

Assume that A, = k, 3,

Ay= ky 0,
and that AP-k3_Q_ +, 0
A, ‘A2

increases and that the pressure drop is approximately due to viscous losses.

From above A P = ko '(82'

The pressure on the piston is equal to the pump output pressure minus pressure

|

i

|

i

I

i

I

?

This means that the areas increase approximately linearly as the valve position :
drop across the valve. !
|

P=pP,~k L = (P35 - k1

8, TS_'F

The absolute value 3v is used to get proper signs for positive and negative value f
of 5 and Q. This expression is also non-linear in |80| but if we use an average ‘
value for |8 | then it can be made linear. This means that the coefficient of the
expression (POSV - kQ) will vary for different amplitudes (i.e., the gain will be

a function of the amplitude).

Therefore P = K:I o, ~ k,QQ (2)
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The adequacy of this approximation will be discussed when the test results are
presented.

Another important effect has been found from testing to be the compressibility ef-

fect of the oil. It appears that equilibrium is almost inevitably reached with
some air in the oil being supplied.

If V is the volume of oil in the pressure side of the cylinder

Av _ Ap

v - E
E is bulk modulus of elasticity.

The total change in volume due to compressibility and fluid entering is:

dv S .
—_— =™ A 8 +
dt 0t Q

EE..:—E— _Aé+
= V( 0o T Q)

substituting for Q from Equation 2

K
.=E _ N y‘ P
P S (A8 + =235 -~ )

vy )

Using force F instead of pressure P and reassigning constants

. K_ K8
. v, Ev - FK
Fs_Ktso-f— 1 KE (3)

'3 '3

and Equation 2 becomes

K,‘?Q
F=K'15'- T

K and K. can be defined as :
V.‘ VJ

K =ﬁ d =
T3y, M Ko

9]
>y

|

(%
L)
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Constants K and K, are kept distinct in Equation 3 since the effect of these
1 3

constants on the results are of importance.

It should be noted that K, is the spring rate of the system due to the compressi-
bility of the oil but is extended to include all effects such as deflection of sup-
ports, etc.

The equation of motion of the piston may be written:
'"080 tKyS, t Koso = F
Where K, is the damping coefficient and linear damping is assumed.

K, is the spring rate of the aerodynamic forces.

Combining Equations 1, 3 and 4
Km, | K.K .
E"0 ETD
s t 80+ Ko+1(, + K, 80+
K, 3
3

Using the LaPlace transform we have

Ky K, (5)

8 ———
KG, () = ¢ ' " iw? -[—lﬂ': + m;\ of +E%.'J K, + K,;\ w+ K,
E :

K

Stability Criterion

)
The Nyquist stability criterion is that ‘e‘Ql < 1 when the phase angle between 30

and € is 180°, i.e., when the imaginary part of the function is zero.

There fore, the stability condition for Equation 5 is

[KZK'J + m;l [KGK'-? + K+ K:l

-K,>K, K

0 v,

For the special case of K, = 0 (zero damping), the stability condition reduces to
K, =0 From Equation 6 it can be seen that K, the air load spring, has a




stabilizing effect for positive values. K _ is a function of Mach number and in-
credses positively with increasing Mach number. Therefore, zero airplane speed
or K, = 0 will be the most critical condition for stability. The system pressure
is reduced at M < 1,] and consequently the value of K, at M= 1.1 will be the most
critical for operating conditions. However, in view of the fact that at some time
in the future it may be desired to fly the airplane with full system pressure at
all speeds, all stability studies are made for K, = 0.

Static Gain
The loop static gain, K = K, K, , 1s a measure of the ratio of
1

restoring force
unit error

or
restoring hinge moment.
unit angular error

The larger the gain, the more unstable the system becomes or the smaller is the
stability margin. The maximum hinge moment is fixed by aerodynamic requirements.
The static gain of the system is then determined by the maximum allowable error.
Since the ratio from the stick to the surface is fixed, the gain can be changed
only by changing the ratio from the stick to the valve. Considering the surface
fixed, the amount of stick movement required to fully open the valve is a measure
of gain. Considering the stick fixed, the angle of rotation of the surface re-
quired to fully open the valve is also a measure of the system gain. The limiting
value of maximum error allowable is determined by Fig. 8 and the maximum allowable
time lag of .05 seconds. There may be other limits to the maximum error, however,
such as: free play in the emergency condition with hydraulic power off; space in
the cockpit; percent of total angle at high Mach number. The valve characteristic
curves are actually non-linear and a change in effective gain can be produced with-
ait affecting the stability by changing the valve characteristic curves at con-
stant maximum error. This effect is discussed further below.

Stability of the Airplane System

The stability condition Equation 6 is shown in Figs. 15, 16 and 17. In each figure,
one of the coefficients K, the external damping coefficient; K;, the cylinder and
structure elasticity; and K, , the valve pressure drop coefficient are varied inde-
pendently and the stability ¥ border traced. The most desirable method for stabi-
lizing the system is to make the elastic constant K, large enough. However, there
is no reliable way of controlling K;. Tests have sﬁown that a very small amount of
air trapped in one of the components such as cylinder, fittings, valve, etc., or air
dissolved or entrained in the oil makes K, very low. The airplane would be poor
from service considerations if the successful flying of it depended on near perfect
bleeding of the hydraulic system. It would also be dangerous since instability of
the control system in flight might be disastrous. It is felt, therefore, that a -
safely low value of K, should be used and the system stabilized by other means.

206 - T






- 210 -




i
e

i

0@

o
i
e

| SrRT

=




Fig. 18 shows a polar locus plot of the transfer function ¥ G = 80 for the basic,
| N ‘e‘

uncompensated system. The locus encircles the poiat (-1+i0) and therefore by the
Nyquist stability criterion indicates instability. Fig. 19 shows log modulus |G, |
and phase angle plotted against freqiency. The log plot in decibels is more adapt-
able for synthesizing and studying compensating systems for the basic system. In-
stability is indicated by Fig. 19 since log modulus |Gv[ is greater than (@ decibels
when the phase angle is 180°. A change in gain on the log plot is shown merely by
moving the zero decibel line up or down. Multiplication of functions is accomplished
merely by adding the values of the functions in decibels and adding the phase angles.

Stabilizing Networks

Of the several means considered for stabilizing the basic system, the two methods
shown by Fig. 20 seemed to be the simplest and most promising. Both methods con-
sist essentially of adding a damper to the control valve to cut down the valve ampli-
tude at high frequencies. In method (a), the valve amplitude approaches ( as w — ®,
In method (b), the valve amplitude approaches _ K,  asw-®

K.1+ K?
Such devices are similar to those referred to by Hall? as undercompensated integral
networks.
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In Fig. 20 (b), consider the forces acting on the valve slide.

K, (€-8,) = Ky (8,-8,) = ub, (7)

vhere i is the damping coefficient of the damper and &) is the damper motion
The inertia forces are neglected which means that the natural frequency of the valve

must be well out of the range of frequencies to be considered.

SD = (K2+K1) Su-KIE
K

2

[KI + KK, m)l € (iw)

[ (Kt Ko k| 8, (i)

K, - K,
. RIAY
b, () 4 )
€ u (K, T Ky
K2< ; wt 1
Let K, -«
K, + K,
: Wad -(1-a
Then S, (iw) . “—a. K, w= )
y CE w-(1-a)
K,
0 8 (i) % r) iwt 1
r < - T5a M) where T, = H ()

iy () w1 Lk,

Fig. 20 (a) is a special case of Fig. 20 (b).

For Fig. 20 (a), K, =®or a = 0 and

5, (i) 1
P

i g




Fig. 2] shows a typical log plot of Equation § and shows how the transfer function
may be easily constructed by standard forms. Equation 8§ is formed by two functions:

1“_ oTL) wt 1 and

1
=g (1) i+ 1

The log plot of each of these functions can be approximated by two straight line
asymptotes by the method described by Brown and Campbellf.

The denominator ’1“‘“1‘6‘5 (t,) iw+ 1 approaches the constant value {1 for very'small
values of w. 1
For very large values of w, the function approaches "L " Therefore, the
— 1
l-a

asymptotes are OA and AB of Fig. 21. The frequency at which point A is located is
equal to

fg =1 s _1=a (9)
B 7, (6.98) 6.28 7, c. P.S.
~a

The asymptote AB has a slope of -6 decibels per octave since the frequency term w
appears 1n the first power.

The true locus is OEB and can be quickly constructed from the asymptotes by a curve
of corrections which is standard for all equations of the form iu+ f or 1
This correction curve is given by Brown and Campbell. it 1

a

= (T,) W+ 1  has the asymptotes OC and CP on Fig. 21. The

The numerator

break point C is located at a frequency equal to

fg =—oF 1(6237 = o
s a (6.28 7;)

This frequency is seen to beé times the frequency of the break point A. The asymp-
tote CD has a slope of 6 decibels per octave. The two curves when combined by
direct addition give the log modulus plot for Equation & In Fig. 2] the curve OEF
is the combined curve. The phase angle can be handled in a similar manner. In

Fig. 21, KM is the phase angle curve for the denominator of Equation & and GHJ is
the phase angle curve for the numerator. Curve NP is the combined phase curve. It
can be seen from Equation 9 that if a is held constant, the effect of varying 7; 1is
to shift the locus along the frequency axis without changing its shape.

Fig. 22 shows a polar plot of a typical lag network transfer function. The shape
of the plot is always a semi-circle whose radius and center is determined by the
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value of a. o is the high frequeney intercept. Changing 7, for constant a merely
shifts the frequency points.

By plotting the lag network transfer function for several values of a, the stability
of the basic system with the lag network added can be determined. Fig. 23 shows the
method for determining the neutrally stable gain for a given value of a and 7,. The
basic system modulus and phase angle curves G, and Ang (G,) are plotted. The lag

network transfer function G, and Ang G, is then superimposed and positioned by set-
ting the break point A at the frequency determined by 7,. The values for the lag

network are plotted to a reverse scale from those of the basic system so that dis-
tance between the curves at any frequency is a direction addition. In Fig. 23 the
zero angle line for the lag network is plotted from the -180° line for the basic
system; therefore, the frequency at which the angle curves intersect is the fre-
quency at which the overall transfer function 30 is 180° out of phase. For the
€
particular example shown by Fig. 23, this frequency is 46 C.P.S. for a = .2 and
19.5 C.P.S. for a = 0. For a = .9 the sum of the two functions 1s -1.9 decibels.
For a = 0 the sum is 5,8 decibels. Since the gain for the basic system is 1,34 x
107 -in.lb. /rad., the gain for neutral stability is

1.36 x 107

81 1.65 x 107 in. lb./rad. for

1.3 x 107

P
195 .69 x 10’ 1in. lb./rad. for a

Thus by shifting the lag network transfer function along the frequency axis and
correcting the gain for neutral stability, the stability border for a plot of U
gain can be traced for values of constant a. This stability study can also be made
by multiplying out the combined transfer function and applying Rough’s discriminant
to the resulting quartic equation. It is felt, however, that the method illustrated
by Fig. 23 is easier and is more conducive to synthesis. Fig. 24 shows the stability
boundaries for the basic system with the lag network added.

VS.

Fig. 24 shows only the stability boundaries for values of a. It is of interest also
to know the lag network characteristics (a and 7, ) necessary to produce a given de-
gree of stability for a given system. The maximm closed loop response |3 . is a

5l
measure of the degree of stability of the system. Fig. 25 shows a method for making

a plot of 7, vs. gain for a given value of a and 50 . Since

-8_‘: max

° 2 (i)

? (IQ)) = €
i b}

2 (iw)
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is a complex function which is uniquely determined by the open loop function _° (i) »
it is possible to draw curves of constant & | in the &, phase angle & €

[4

€

°
5 5.'; €
plane. In Fig. 25 curves of ‘Sq, = 2.0 and 4.0 (log | 89 = ¢ db and 12 db) are

5

t
shown. The open loop transfer function is plotted, then moved vertically until the
locus is tangent to a curve of constant . 50 . The amount of vertical movement of

A
the locus gives a factor by which the gain of the system must be changed to produce

the value of {50
l

_S‘i max
In the example shown, the gain of the system must be reduced by 3.6 decibels to
keep the closed loop response § to 2.6, For § = 4.0 the gain has
.9 L
&, max ; 6, max.

to be reduced by .4 decibels.
S

Fig. 26 shows 7, vs. gain for different values of-‘g

° for the case of a = 2,

max
1

Fig. 27 shows the polar plot for the transfer function including the lag network
with T, = .03 and a@ = .9.

5. Dynamic Model and Non-Linearities

To gain background data on thé type of servamechanism to be used for the airplane, a
functionally similar but non-scaled system was constructed from existing parts and
tested. One of the objects was to study the effects of the non-linearities. The ana-
lytic methods above are based on the assumption that the equations of motion are linear
differential equations. However, some of the components of hydraulic servemechanisms
are distinctly non-~linear. The damping force from the surface dampers varies as the
square of the velocity. The damper on the lag network is also of the velocity squared
type. The spring rate of the cylinder varies with the pressure because of the trapped
air. The type of valve-cylinder characteristic assumed for the linear analysis is
shown by Fig. 28 (a). The valve-cylinder characteristic for a balanced type slide with
no force feedback is shown by Fig. 28 (b). Since the system is non-linear, the trans-
fer function 5, (i) should vary with amplitude as well as with frequency. 7The ampli-
€
tude effect was found on the model tests as shown by Figs. 29, 30 and 31. Transfer
functions were measured at constant valve amplitude for three different system pres-
sures. For each system pressure the servo loop was closed with the gain ratio equal
to 1 and the amplitude and frequency of the self-excited oscillations observed. Des-
pite the marked non-linearities of the components, the system acts much like a linear
one.
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Fig. 32 shows two of the curves of Fig. 29 compared with the calculated linear solu-
tions. As can be predicted, there is an amplitude effect. The chief discrepancy of
the measured with the calculated system is that there appears to be an attenuating
factor which the calculated motion does not take into account.” This observed attenu-
ation begins ,to be effective at about 25 C.P.S. In Fig. 31 the minor peak at 60 C.P.S.

was found to be due to the natural frequency in bending of the push rod that actuated
the valve.

Fig. 33 shows the transfer function of a lag network that was built up of a spring and

a velocity-squared damper. The bulge in the locus at frequencies of 20 to 60 was caused
by the resonance of the lag network itself, The resonant frequency of the lag network
itself with no oil in the damper was measured to be 63 C.P.S. The logarithim plot of
the transfer function is shown by Fig. 34. Since the resonant frequency of the lag
network was above the instability frequency of the basic system and also since the ad-
dition of a lag network decreases the frequency of 180° phase lag, the lag network was

very effective in stabilizing the system. Fig. 35 shows a transfer {uriction of the
basic system with a lag network added.

One effect of the non-linear valve characteristic is that the effective gain can be
changed without changing the maximum force or the maximum valve travel. This effect
is illustrated by Fig. 36. A valve land uncovering circular ports gives a valve char-
acteristic similar to the solid curves of Fig. 36 (¢) . A land uncovering an inverted
circle will give a characteristic similar to the dotted curves. The effective gain

given by the dotted curves 1s less then that of the solid curves yet the maximum force
and the maximum valve travel are the same in both cases.

6. Conclusions

From the experience of studying and designing a power-controlled elevon system, the
following conclusions are offered:

1. The type and details of the control system will be determined by the aerody-
namic performance required and by the structural limitations of the airplane.

2. A system that requires high velocities of the surface for a short time can be

powered most effectively by an hydraulic system with accumulators for energy
storage.

3. The control system can be stabilized by sufficiently reducing the gain., Re-
ducing the gain implies increasing the maximum error. It is felt that the
system will be more flexible for future development if a stabilizing network
is added. Also, the stabilizing network will help to minimize the effects of
extraneous motions that will be present in the airplane.

4. The linear type of system analysis is useful for a qualitative survey of the
problem and for synthesis techniques. It helps to show immediately the impor-
tant factors in stability, i.e., which parameters can most effectively be
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manipulated., However, a detailed knowledge of the system and f{inal adjust-
menfs will have to be found by testing the final system. Secondary factors
which may present serious problems in any airplane installation are

a. Structural feedback - force feedback due to deflection of cylinder rel-
ative to control linkage.

b. Resonance of control linkages.
c. Signals to the cylinder from wing deflection due to airload.
7. Recommendations for Future Development of Hydraulic Servomechanisms

It is evident that increasing use of powered-control systems will be made for air-
craft in the future. The requirements of high peak powers and short time responsees
point toward hydraulic or pneumatic power systems. The trend toward more completely
artomatic controls for such applications as flying by radar and stabilization by
gyro control suggests the development of electrical control of the power. It is felt

that research and development effort for power-control systems can most effectively
be spent on the following:

1. Gyro pickups. There is a need for the development of gyros with fast time
responses.

2. Hydraulic valves. First there is a need for reliable electrically operated
valves that can control high powers with small time lags. There is alsc a
need for force proportional valves. In general, valve development should
be toward the controlling of large powers with small forces, 1i.e., large
power amplification.

3. Non-Linear Analysis. Dynamic stability of the control system is perhaps
the most important design problem. Hydraulic and pneumatic systems are
decidedly non-linear and are not always amenable to linear analysis. One
way to attack the non-linear stability problem would be to compile a series
of particular solutions of typical circuits by use of a differential ana-
lyzer. Another might be to develop reliable methods of linearizing the equa-
tions of motion. Such methods would have to be confirmed by testing many
di fferent systems.
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DISCUSSION

MR. FOLSE, BuAer: In order to keep the parameters of the lag network from
shifting with change of viscocity, you will have to have a compensatory device in the
piston in the form, for instance, of an orifice which will close as the temperature
of the oil increased to keep the dashpot traveling constant.

DR. CLAUSER: I think there are two things that influence that and I was glad [
to read in somebody’s paper that they had been down to minus 70 and the system was !
, still warm. True when you cool the system, it is liable to become sluggish. Another t
E thing that is very important here now is if you use the flow across an orifice, the
] pressure drop through the orifice to the first approximation is dependent upon the
density and not the viscosity. That means it is desirable to design a sharp-edge ori-
fice across this piston. It has to be sharp-edged because there can’t be any surface
for the flow to flow over because that becomes viscous flow, you see, and then that is
dependent upon the viscosity and not the density. Are you familiar with the way rota-
meters work » They are independent of temperature., They didn’t get that effect until
they went to the so-called sharp-edged orifice. Specifically, the rotameter has very
little area for the flow to flow by to develop viscous friction. The pressure drop
across the orifice is dependent almost entirely on one-half V squared and not on vis- I
cosity at all.

DR, WILSON, Goodyear: All oleo struts work this way and they are independent

of temperature to a large extent.

e e

MR. AHRENDT, Ahrendt Instrument Company: In your paper you discussed at con-
siderable length the problem of stability of this system and what you should do to
make the system stable, but surely you must have had other performance requirements
that affected the choice of parameters in this system. You must have had dynamic per-
formance requirements that suggested what those spring constants should be and what
frequency the corners would be, and so on. I wondered where those originated and what
they were. The problem certainly can’t be one of just getting stability.

;
I
|
|
|

4 E
(LAUSER: No. For example, I mentioned the gain was determined by one of the F

‘ specification requirements, meaning that .05 of a second lag. That mearns; we wanted to

3 keep the lag up at very low frequency, because with frequencies we are talking about,

‘ response to three or four cycles per second, you have to throw the surface at the rate

of 50 degrees per second. We showed that there may be conditiins to make it want to
go faster than that but you are working with fairly low frequencies.

AHRENDT: Are all your performance requirements at very low frequencies?

i‘; CLAUSER: The thing that suggested this lag network in the first place was that
k we wanted to cut out all the high frequencies that might interfere with the flutter fre-
quenctes. It was suggested a little bit later. Some of the people who were doing the
analysis were also familiar with flutter theory, you see, and they were worried about
this, so even before we suspected we weren’t going to have a stable system we talked
about using lag networks.
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MR. HARRIS, Chance-Vought: I thought that comment you made about that apparent
zero in the curve suggested that perhaps somebody would have an answer to why your curve
dipped. It is very interesting, because we had almost the same frequency.

.CLAUSER: Does anyone have any tdeas?

MR. MONROE, North American: I had a thought that it might be the change from
viscous to turbulent flow at that particular frequency, since it is somewhat correlated
with velocity. A problem is what to do when you are in a transition region, whether

you use turbulent flow characteristics or viscous, so it might be well to look into it
from that viewpoint.

CLAUSER: I might mention a little bit about some of the things we have thought
about that. First, every time you change, you have a slope change by 6 db. If I say
any of this wrong, somebody correct me. You’ll change by 6 db and if you have the type
of thing we had, the asumptotes would look something like that. (indicating) We were
up here and as far as we can we could go, we were right down here. This means there
was a dip. That means there must have been an asymptotes. There must have been some-
thing that kicked it back so that it went through this dip here and came on back again
so to bring it back. This means a factor in the numerator to do that, and since this
A factor is in the denominator, it may mean that there may have to be two factors.

HARRIS: I am not sure whether this is the same thing or not but I would like to
show one of the plots that might throw some light on it. This is the same plot you had
without any damping in it. If you change that polar plot to either this one or this
one to start with, it will come down to zero, and would come out again, which is the
same characteristic you have here. The only thing that brings that in is this term
which is the natural frequency, made by the mass or the structural stiffness, and if
that goes to infinity, this disappears and this curve comes down like that. I would
Itke to suggest that there is quite an analogy between your hydraulic damping device
and the tool which electrical engineers use in notching effect and I believe the simi-
larity in those two points to the notching effect of your damper where your damper ac-
tually becomes ineffective and then your system takes over after that. An electrical
filter network will act exactly the same way.

CLAUSER: Yes, that is right and that is one thing I want to emphasize. It is
very similar. You are trying to filter out the high frequency effects, and they get
a notching effect exactly like that. If you have a system which is a very high res-
ponse system and you get into structural disturbances, you want to cut your system off
so you would put an electrical filter in there to cut off, and you can’t have a true

cut-off. All you hope to get is a notching effect and that bears a resemblance to
that.

MR. RAHN, Boeing: I would like to ask a question on the double spring. Why
did you use two springs? Why not just one--one between the valve and the damper?
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CLAUSER: I think the reason we used it was to give a reasonable frequency res-
ponse characteristic. You can’t say you don’t care about any of the high frequencies.
Essentially, we’ll plot attenuation, we ’ll say, as a function of frequency. You would
like to have some left, you see, some attenuation in here and then as you go out in fre-
quency, you would like to cut it down and this becomes asymptotic, depending upon that
second spring and it is just a matter of being able to shape this curve so you will get
the response in this region.

MR. MONROE: I might add one remark to this, and that is that we put this device
on the valves. On one occastion we had an opportunity to go to an airplane without much
theoretical calculations to try something., We had an idea of the transfer function,
the type it was, so we decided the most logical solution would be a lag network. We
added that in the form of a dashpot through a control linkage to the valve. It did
stabilize the airplane immediately. We didn’t have an opportunity to make any cal-
culatiins, so we had three different size orifices and two springs to try, and it had
other bad effects so we didn’t continue with it.
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APPLICATIONS OF THE ANALOG COMPUTER
TO CONTROL SYSTEM DESIGN

By
R. R. Wilson

Goodyear Aircraft Company, Akron, Ohio

I am primarily a guided missile man. I have never had anything to do with in-
habited aircraft, and I am not really an aeronautical engineer or anything remotely
resembling that. T have a lot of aeronautical engineers doing that sort of work
while T sit by, I have been sitting here for the last few days learning a great deal
about the way you people operate and I want to say that I admire what you have done.
It is a bit of an eye opener to me.

In talking about the computers I thought we might try first to see the way in
which they fit into the overall scheme of things; second, to take a look at the com-
puters themselves, to see hov they work; and, third, to talk about the specific ap-
plications to the power boost problem. As has been brought ocut here in this meeting,
power boost design, as is the case with most engineering design, has gone through a
good many stages and is still in most of those stages.

Some of you, doing the work still based entirely on your engineering intuition,
good common sense and cut-and-try methods, are apparently turning out perfectly sat-
isfactory devices and since the proof of the pudding is in the eating, I don’t see
that anyone can really complain about that. Others of you, either because you have
developed an interest in it or because you have hired some men who got started in
that field, are going into the frequency response analysis method, which really
amounts to just applying the general field of mathematics to your engineering design;
and you will find as you do in other engineering fields that as long as you can stick
to linear differential equations, everything is rosy. As soon as you get into non-
linear differential equations, you begin to have trouble, and you use the usual meth-
ods that mathematicians use when they solve non-linear differential equations. You
are using small perturbation theory and so tacitly assuming that everything is linear,
or you are using series solutions and again in a way operating on small perturbation
theory, using probably step-by-step calculations in which you again assume that your
system is linear and change the initial conditions and boundary conditions at each
step. Probably some of you are even using graphical methods. All those methods apply
to the solution, by hand, of non-linear differential equations. Occasionally, it is
true that you find an equation that you can solve directly without the use of these
various approximate methods, but that is uncommon.

Now, the first thing that an engineer who wants to analyze his device--instead
of just building it and then fixing it until it works--when he runs up against a non-
linear mathematics and finds he can’t get a nice clean analytical solution, is to be-
gin to think about models.

In the aerodynamics field, of course, they went into the wind tunnels and built
models and they ran up against the principle of similitude. They found out that the
wind tunnel tests didn’t quite check the actual airplane performance and so we have
pressurized wind tunnels and we have full-scale wind tunnels and so forth. As we get



up to higher and higher speeds we still have plenty of trouble, because you can’'t do
all the things you want to do in the wind tunnel.

In other engineering fields one of the modern methods has been the use of elec-
tric analogs or mechanical analogs or hydraulic analogs, depending on what system you
are working on, and what system you want to change to. Sametimes I find 1t is more
convenient if you are working in electricity to try to work with the mechanical analog
and vice versa,

But what are you to start with? And what is the final result of such developments?
We have electrical analog computers which are really just network analyzers. In opera-
tion, one decides what the electric analogs of a mechanical system are and sets them
into the network analyzer, puts in as an input function what ever form he wants to put
in, and get the answer as a voltage.

There are some difficulties involved. Time scales give trouble; leakages give
trouble; drifts give trouble, and there are some other troubles in that all that you
can substitute for a mechanical mass is an inductance. You can’t have a pure induct-
ance. You have to have some resistance connected with 1t. Those troubles are inher-
ent in electric analog computers. They are, hovever, reasonably satisfactory. There
are several of them operating now.

The next type of analog computer is the true differential analyzer and there are
two varieties--possibly more than that, but two varieties of differential analyzers--
that are well known. One is the mechanical analyzer of which the Bush analyzer at
MIT is perhaps the most famous example, but not by any means the first. There have
been differential analyzers for a great many years.

Mechanical differential analyzers basically use a variable speed drive for the
integrator. One has a disc which rotates, and a wheel resting on the disc--this is
not true in all cases, but we’ll call 1t a wheel which slides on a splined shaft in
and out along the radius. The function that one gets out then 1s the rotation of the
splined shaft on which the wheel slides as it turns. It is a function of the speed
of the disc and of the radial position of the wheel, and so one comes out with the in-
tegral of the radius times--well, let’s make it wdt--if this is run with a constant
speed.

If, let us say, the disc is turned through an angle &, then the wheel turns
through KRS. So this is an integrator which is very flexible and very useful. You
can turn it around and use it as a differentiator. You can use it without any auxi-
liary equipment to generate a great many functions such as squares, sines, cosines,
tangents, and so forth and so on.

You can couple it with various kinds of mechanical devices such as differentials
and ordinary gear trains and so forth. You can set up differential equations with
derivatives with respect to time or with respect to any other variable so it is a very
useful device. It is capable of high accuracy and the only drawback to it is that it
is also very expensive, as any accurate piece of mechanical equipment is, and it takes
up a considerable amount of space, but it has some advantages that other computers do
not have, such as rate of drift, for example. It stays where it is put. Its speed
of response is low. This may be overcome by changing the time base of the problem.

The other type of differential analyzer which is more common and less expensive,
as well as somewhat more convenient to operate, is the electronic analog computer,
which uses as the basis of its operation a feedback amplifier. In Figure 1 we have

"R
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Fig. 1 - Generalized computer circuit.

a signal feeding into an amplifier through an impedance, Z,, and from the output of
that amplifier we bring a feedback, Z , back to the input. Our amplifier has a high
gain, and also reverses the sign at the output; then, the voltage between the input
and ground is going to be essentially zero, because the gain of the amplifier as in
any servo network reduces the error to as nearly zero as possible. We have an input
voltage across Z, and an output voltage across Z , and because the voltage at the
amplifier input is essentially zero, the currents passing through, though the two
impedances are equal and so we can set up an equation:

Lo £
Z. z
t o
and we can set up our equation then:
En= Zo
E.

This the basis of the operation of the electronic differential analyzer.

What happens
if we put a resistor at the input and a condensee in the feedback is that

£, _ 1
Z. sRC

t

where s is the differential operator, derivative with respect to time. This is an
electronic integrator. If we reverse these two impedances, put the condenser in the
input and the resistor in the output, then we come out with SRC and this is then a
differentiator. And if we use only resistors in these points, this is then a simple
scale changer. If these have different values or if these are both equal, let us
say equal to unity, then it simply changes the sign from positive to negative. Sev-
eral inputs can be fed into one amplifier which then acts as a summer.

So we have basically in a linear electronic analyzer integrators, differentia-
tors, sign changers and scale changers and any combination of resistors that we want.
We could, for example, feed out of our amplifier into a potentiometer and so again

change the scale at that point, That is found to be very convenient at times for
changing parameters in a problem.
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A typical differential analyzer--I am not advertising Goodyear Aircraft compu-
ters here although my boss thinks that I should--a typical differential analyzer has
a jackboard of somé sort on which are generally mounted condensers of whatever size
is chosen as unit, which in the Goodyear computer is one microfarad, and arrangements
to couple these condensers and plug-in resistors into the amplifiers in whatever way
one wants. On the front of this particular computer are a row of dials which repre-
sent the potentiometers I was talking about, so that parameters can be varied or the
equations can be varied fairly simply by either plugging something different in or
changing a jack cord or by turning the dials.

Initial conditions are set in by charging the condensers to voltages represent-
ing the desired conditions. The function to drive the whole network can be put in
either as a step function or as a rate or as a sine function or anything else one
chooses. Usually any of the values that you are interested in can be taken out at
appropriate points and I will show you some typical examples shortly, so we can see
how that works.

These are the devices used by a linear computer. The linear computer is capable
of taking account of a great deal of non-linearity without being actually a non-linear
computer. For example, it is very easy if you have a servo which has a definite
limiting top speed, which is always the case, to represent the servo by the proper
equations and-exactly limiting the rate of the simulated servo in the machine itself.
It is fairly simple to simulate a servo on a linear computer; for example, a relay
servo is about as non-linear as'anything one can think of, yet it is quite simple to
put into a simulated relay servo, the dead space which all relay servos have. A good
many of the characteristics of your devices which are essentially non-linear can be
simulated with a typical linear computer.

When we come to non-linearities which are more fundamental, such as parameters
which vary with, let us say, velocity, or vary with time or vary with deflection, it
is necessary to go to the true non-linear computer. The difference there is largely
that one then has a servo system, which takes the variable with which one is dealing,
such as the velocity, and let us say, perhaps we want the drag as a function of veloc-
ity squared. The servo amplifier takes the velocity and drives a potentiometer with
the servo motor to change the parameter representing the drag, as a function of the
velocity squared. One could have a square law potentiometer or two potentiometers
in cascade, buffering in between, so that one didn’t load up the first potentiometer.
We do the same thing with our own computer, having put together a few standard parts
to come out with a perfectly satisfactory parameter changer, which is actually a
servo multiplier.

The true servo multiplier is a little more convenient than that, although not
very different in operation. Suppose we have: % + xi = F, Now, the x% term is the non-
linear factor and we can take care of that by feeding x and X to our servo multiplier
and coming out with a product. If we have enough amplifiers and enough multipliers,
we can solve practically all of the non-linear differential equations that one can
set up. Having enough amplifiers and servo mltipliers sometimes is a troublesome
feature, but we find that as out analysts work with, the equipment, they become more
and more ingenious at finding tricks to use fewer and fewer amplifiers so that we
can get more and more done with one piece of equipment. There is a limit however.

In addition to the servo multipliers, one other piece of equipment which is stan-
dard on the non-linear computers is the function generator and that can be of two
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forms: the function generator, which generates a specific function such as sine, ex-
potential, cosine and so forth, or one that generates a perfectly arbitrary function;
that is, you choose your function, and set it in, and the function generator then re-
produces it. Most computers are equipped with both types of function generators.

Having all this equipment, one is in a position to start analyzing a system with
-a camputer. Unfortunately, the computer is just like a slide rule. If the wrong
person picks it up, it won’t do any problem solving for him because he doesn’t know
how to run the slides, and the same thing is true with the computer. In spite of all
the advertising that analog camputers have gotten recently, a high school girl can’t
tackle an analog problem alone because it takes somebody first to set up a differen-
tial equation. Once one has the differential equations, a high school girl can set
up the computer problem and get the answers. It takes us about three months to train
a girl to the point where she is quite adept with the computer and I am sure that
other computing companies are finding exactly the same thing to be true.

Now, to indicate something about how one might set a problem up on the computer.
I have prepared a few figures here and I would like to go through those showing about
what the setup procedure is.

A mdss-spring-damper setup, with the differential equation of which you are all
familiar, is represented in Figure 2a.

1] =
X i

Fig. 2a - Simplified dynamic system.
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Now, for purposes of accuracy and the convenience of the computer, we try never to

use a differentiator because, as you probably know, when noise is differentiated, it
becomes much worse. When noise is integrated, it is reduced. So whenever we possibly
can, we solve the equation for the highest order derivative and then integrate it
until ve come out with the final variable.

In Figure 2b we have two integrators which give us -x and x, respectively.

Since % = :ﬁ%-—-§f+Asinwt we sum all these values as shown here to give ¥. This is
the summing amplifier which adds them all together. We take x, which we want, and we
multiply it by K over M, the feedback impedance being 1/M and the input impedance 1/K.
We take x and instead of adding it directly, we have to change the sign, which is
minus, and so we bring it through a sign changer, and at the same time we multiply it
by B/M. We are adding in here also A Sin wt and coming out with the sum of all three,
to get '¥. In order to find out what x is going to do, then, we drive the system with
a sine generator, giving the amplitude desired, and we can read off the values with-
out any difficulty: x, z, and ¥, which are in this case, all of the quantities that
we might want. '

Now, 1f we happened to have limits on the system, so that it would only go so
far before it banged against stops, we could at the proper point put in an electronic
limiter, which just consists of a biased diode, so that to limit x, the voltage can-
not increase further, and so we would then get the results desired of the problem,
showing what happens when one has an oscillating system which can bang against stops

if it is driven too hard.

VW
IR SR — |

F —AAV— . -I>mx'w-i-[> ”

— VWV

Fig. 9b - Computer analog of dynamic system.

In Figure 3 is a boost system, which I have simplified somewhat, so it is a
little hard to see. This is the pivot here, so that this is a true boost system with-
out feel--this is not a power system--this is a power boost system. And over here
(indicating) we have a rudder pedal and a spring and the various coupling systems.

The valve is up here and the cylinder is at this point. ] i
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Now, this is a case in which you can’t do everything just as you want to, and in
equation (4) we have an %, which is not quite what we would like to have, because we
can only solve for xz in equation (3).

Figure 4 represents the system as it is set up. [ am sorry that we can't refer
back and forth to the equations conveniently, but we start out here with one equation.
We start out with 9 We start out the second equation with 9 and we start out the
third equation with 9;’ and the last equation with 92, and at the proper points we
take off 6, and we bring that down to add it into a suming amplifier here to get x
and we plck off 9 at this point and add it in here, and so forth through the whole
problem. It is really Just a simple proposition of taking your equation and adding
terms through amplifiers integrating where you have to, to get what you want, and
coupling the whole thing to solve simultaneously. In this case, we were interested
in seeing how you could get the stick feel. This is a proposition of having a foreed
feel back through the system, as you saw, because the pivot and the cylinder are off-
center and so we take out the various required functions, Gi and x,, and 9 here, and
sum them up, and at this point we get an electric signal which 1s proport1onal to the
stick feels. We can then drive a servo mechanism with that. This is not very clear
because we don’t know what & and §,and % and so forth are. I think Mr. Harris does
since this is his device.

Figure 5 shows an airplane in aerodynamic flight. This is the lateral part of
the problem. Here we have the aileron deflection and here we have the rudder deflec-
tion going into this amplifier and I don’'t know what the rest of these gadgets repre-
sent. This represents the GA-2 Goodyear Aircraft amphibian which we set up with a
mock-up cockpit, so the pilot could actually fly it. We put in the aileron and rud-
der deflections as voltages, which came from an actual rudder bar, and stick deflec-
tions. Then we brought out flight information to cross-pointer meters so one could
see what was happening to the airplane. It was a crude affair, but actuaily the pilot
thought it was quite realistic. He flew the airplane and we changed parameters by
changing these potentiometers that are shown here. We could change the control power
and we could change the damping, and so when we got through, between the pilot and
the designer of the aircraft and us with the computer, we had decided pretty well
how we wanted the controls set up, so it would be easy for a pilot to fly.

~  Well, these are some applications of analog camputers. As you can see, I have
made it sound very easy to operate them and it actually is pretty easy. You have
some trouble; sometimes the answers don’t come out right, and then you have to find
out what is wrong, and that takes our people some time. Occasionally the computer is
right and they think it is wrong and then they have more trouble than ever because
they can’t find any mistake. So sometimes they have to calculate the answer out in
longhand to convince themselves that the computer is right.

Jell, now the next question is how the computer fits into your particular scheme
of things. No. 1: If you are using the frequency response system and you get your
differential equations set up, you don’'t need to calculate the frequency response.
Set it up on the computer, drive, the system at various frequencies and out comes your
frequency response. If the system isn’t right and you want to change it and get it
to be what you want it to be, turn some dials and run it through again and keep turn-
ing dials until it comes out right. Spme of the dials you might have to label ‘‘do
not touch” at the start because you know that you can’t physically change the
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- 248 -

SERVO —FEEL



‘uo10w fo suotrjonba o1wpukp 1v421D] _Lo\. wouSv1p Fursim o13owayag - G Iy

wasbow | SINTVA FIONVISISIN TV =

»iv)  SYISNIINOD 1V LON . N-vg
Yy o
0

1

! ) q - Qn’\\— K ﬁb.'lﬁ]ylAUI||L I
_ o o wta.ﬁ M
A\ . bW
LU o

< 249 -




corresponding parameters. Others you will be able to change and so you change those
and when you get through, you read off the values and see whether you can physically
change them that much and so make your compromises just as you do now, but the point
is that when you get through, without ever having built your system, you will know
what you are going to have to require of your system in order to get the response
that you want.

If you have non-linear elements in your system, as all of you do now, you have a
choice. You can take the linear computer and you can use limiters in some cases to
change the slopes of some of your functions. Or you can build some parameter chang-
ers, or you can operate by step-by-step calculations, if you want to. The latter on
the differential analyzer is fairly simple, because you can stop your problem when-
ever you want to, so if you want to run your problem over a small range and change
your parameters and run it over another small range and change your parameters, you
run it until your deflection gets to the value which you have decided will be the
first increment, stop your problem set in the new conditions and so forth. A step-
by-step calculation then is very simple and rapid.

If you can afford a non-linear computer, which is usually not much more expensive
than the linear computer, then you can set your non-linearities in directly, either
in the multipliers as squared functions or cubed functions, or, if they are purely ar-
bitrary functions, you can set them up on function generators and get your answers out
in that way. So that is point number one.

You can design your device entirely on the electronic computer. Now, this as-
sumes that you know what you can get in your hydraulic devices. Presumably you will
know how to produce it or a close approximation of it.

No. 2; The analog computer cannot only simulate your device but it can also sim-
ulate the airplane, as you fly it, either on the ground or in flight--anyway you want.
For example, in the GA-2--now I realize that some of you are gding to take issue with
me, because I said just a little while ago that we always assumed that all airplanes
are alike and I find that all airplanes aren’t alike, even when they are of the same
model, and make, and stand side by side on the assembly line--so let us say that we
can put a typical airplane on the computer, which is really all you do anyway when
you fly this system in an airplane, and you can couple your gadget into the simulated
airplane either as the actual device or as a similated model, and so you can wring it
out through a long series of tests without ever taking a valuable airplane or test
pilot off the ground. ’

To turn the situation around, if you have an airplane and you want to know how
fast, for example, the controls are going to have to travel in order to do what is
required, you can set the airplane up and you can find out how fast the controls have
to travel in order to do what you want them to do because you can put the simulated
airplane through maneuvers just as if you were flying. You can measure control rate
and control position directly, so that you can answer directly with the analog compu-~
ter some of the questions that you have been asking here.

The great advantage, I think, of using the analog computer in that particular
respect is that you can put the whole thing into a closed loop and the closed loop
response is always different from what you expect it to be when you test it on the
open loop.
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Now, one of the points that I breezed over here rapidly when I was talking about
putting the airplane on the simulator so you could fly your power contrel system, was
the pilot. We have done a little along that line and some other people have done =z
little in simulating a cockpit with controls and letting the pilot fly the plane.

_ Some of you are going to object, I suspect, that the pilot doesn't have the proper
acceleration and, of course, he doesn't. You can put in all of the accelerations
that he feels except the linear accelerations which are probably somewhat important.
Pilots no longer fly by the seat of their pant, I’m told, but I am sure they take
into account the linear accelerations. The rotational accelerations present no great
difficulty. The pilots who flew the GA-2 for us had no complaints because the accel-
erations were not provided, but the GA-2 is a relatively slow plane. When you get up
into high-speed linear accelerations are probably considerably more important.

Well, to summarize, then, the electronic or mechanical differential analyzer is
not the solution to all your problems by any means, but it is a very important tool,
a tool which, if you want to, you can adapt and use to save yourselves a lot of time
and avoid a lot of mistakes. You can save your computing personnel--if you already
have computing personnel--a lot of pencil pushing and get your answers quickly, which
is generally economically of importance, to test out new ideas very quickly, which is
again economical, and you can rely on the computer for accuracies of about the order
of the magnitude that aircraft people generally need.

Accuracy-~-just to conclude--the accuracy of the ordinary electronic analog com-
puter is of the order of one per cent and our own aeronautical people are generally
satisfied with three or four per cent, so that we feel that we have little difficulty
in producing what is wanted.

One small danger in getting an analog computer--that is, you'll find that once
you have an electronic analog computer and use it, you will do with a computer several
times more work on the same problem than you used to, because it is so easy to do.
That is, rather than calculating out one curve, you will find yourself running fami-
lies of curves and selecting the optimum or something of that sort. So an analog com-
puter saves time, but if you are not careful, it won’t save as much time as theoreti-
cally it might if you just figure the time actually saved on the hand calculations.

k&®

DISCUSSION

MR. CHATTLER, Bureau of Aeronautics: Would you like to cover one oather point
of using non-linear elements, the actual physical elements?

DR. WILSON: Using actual physical elements with the computer is generally
not very difficult. It only involves one thing and that is devising or buying a
transducer which can take the quantity from the element to feed back into the analog
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computer the deflection or velocity or uhatever you are ordinarily feeding into the
airplene, And, second, o servo mechanism which puts in the proper input from the
computer into the non-linear element. Generally, that doesn’t pose any problem. We
have had no difficulty yet. We have run a system of auto-pilots and servo mechanisms
with our system. At present with the servo mechanisms we use which are about as non-
linear as an electromagnetic servo mechanism can be, we get exactly the same results
with the simulated mechanism and so we don’t very often use the actual device. There
are two reasons for that: One is that when we use our actuators, we wear them out
and we don’t wear the simulated servo, and the second one is that it is more conven-
ient to tie a simulated servo into the system. On all checks that we have carried
out so far when we have simulated a device on the computer, we have gotten identical
results with those that we have gotten by putting the actual device in the systenm.

CHATTLER: You mean, even in non-linear devices in your linear computer?

WILSON: No, as I see it we have various tricks, such as limiters, of making

the linear computer produce non-linear results, and anyone learns those fairly
rapidly.

QUESTION: Do I understand that to mean you include the simulator in that,
too?

WILSON: VYes, for example, when we are testing, let us say, an airframe, with
an electromagnetic actuator in it, we simulate the electromagnetic actuator.

QUESTION: Can you make the computer perform the function of both the compu-
ter and the simulator as often as you like?

WILSON: That’s right. We can put the actuator behind a screen and from the
results that would come out of the computer, you wouldn’t be able to tell which is pro-
ducing the results, the real actuator, or the simulated actuator.

QUESTION: Why don’t you butld them? QOthers do.

WILSON: We don’t. We use the computer. Perhaps other people like them bet-
ter built. It is a simulator, yet it is a simulator in a little different respect
than the usual sense of the simulator in that you are simulating through the differen-
tial equations and not through the actual electromechanical analogy. I think we might
quibble and say that is the difference. It is a simulator, though,

MR. BURSTEIN, Consolidated-Vultee: I might add a little bit to Dr. Wilson’s
talk. We have taken actual records in flight of this XF-92 and put it in a simulator
and mode sure that it is exactly the same. response that we got in flight. Then we
started varying various parameters and we got a whole family of curves.
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WILSON: AMC has a pair of our computers which they use and Mr. Altman would
Like to run frequency response characteristics from them. We don’t have an output
device just now that would record it directly, but it would be very simple to do that,
as you could measure phase and amplitude.

CHATTLER: Instead of building an expensive mock-up, could we take our hydrau-v
lic or control system and tie it into a computer that will simulate all of our loads
and eliminate that ‘expense which has to be duplicated?

WILSON: You couldn’t eliminate all of the expense, because you have to use
some servo mechanisms to get your response back into the computer and you have to use
some transducers but you could eliminate most of the weight and complexity. As a
f matter of fact, we do that.
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