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LI3T QF SYMBOLS

vector used to relate ﬁl, 62,.and ¥ to the =x,y,z
coordinate reference, in.

unit vector of A

same as A, in.

unit vector of B

stall torque of servomotor for a given input voltage, cz-in.

same as A, in. |

unit vector of G

same as A, in.

unit vector of D

motor input voltage, V

generator feedback voltage, V

output voltage of pressure transducer signel conditioner, V

error voltage of inner servo loop, V

transfer function of amplifier-motor-geénerator servo loop

transfer function of generalized contfol systen with
disturbances moved outside the loop

ratio of servomotor torgue to speed, oz—in-secarad'1

unit vectors along coordinate axes of orthogonal reference
systems (x,y,2) and (x',y',z')

iméginary quantity

system inertia, oz—ig—sece-rad“l

ratio of servomobtor stall torque to input voltage,

oz-in-V’l



peid

psf

e B =

o<

servoamplifier gain

ratio of generator feedback'voitage to shaft velocfty,

)

V—sec-rad”l

gear rabio of control angle (©) to motor shaft angle ()

*

ratio of the pressure difference between ports to the

angular deviation of the port and velocity vectors from

90°, psi-rad~t

retio of the output voltage of the pressure transducer:

signal conditioner to the pressure being sensed by the

transducer, V-psi*L

system gain, sec™2
sensitivity factor relating angular deviation of port and
. o , o3¢
veloelty vectors from 90  to control angle changes 3o/
sysbem velocity-error constant, sec"l

torque delivered by the servomotor, oz-in

sin 22.5° = 0.384
cos 22.5° = 0.92k

pressure in pounds per square inch, differential

pressure in pounds per square foot

Pressure difference between ports, psi
reference input to servosystem, rad
dynamic pressure, psi
Laplace-transform operator

time variable, sec

velocity unit vector



()

(F!

distence from (x,y,z) origin %o the prcbe tip along the
Xe-axis, in.
pitch angle of probe (pitch up, = +, by definition), rad

v

inverse of time constant due to pressure tubing lag, sec"l

angular motion used to position probe (control angle); rad
positioning angle for null condition, rad
angular deviation of © from its null position (i.e.,

8. = 8' - 8), rad

motor shaft angular position, rad

unit vector describing the orientation of the pressure ports

system equivalent time constant, sec

angular deviation of the port and veloeity vectors from
90°, rad

portion of ¢ due to the difference of the control angle
from its nwll position (i.e., due to 'Be), rad

portion of d due to a disturbance caused by motion of
the other system's control angle, rad

yvaw angle of probe (yew right = +, by definition), rad

angnlar veloeity of servomotor shafi, rad-sec™t

subscript L refers to all functions in the servosystem
controlling @7

subscript 2 refers to all functions in the servosysten

controlling 6,



ABSTRACT

Analyses and experimental reéults are presented on a& conbtrol system °
used for positioning & null seeking pressure proke. The probe is to
be used in wind tunnels to measure wind velocit& magnitude and
direction. Two,inberacting,positioning servomechanisms were used to
control the pressure probe. The analysls of this system was accomplished
using vector analysis as well as standard servoanelysis methods. These
analyses showed the stablilibty of the system to be dependent on the
orientation of the null sensing vpressure porks on the probe face.
Laboratory and wind tunnel tests szhowed that the probe yaw and piitch
angle measurements were accurate to within ¥1° for angles up to 45°.

The development of this probe has resulted in a new useful instrument

for wind tunnel research.



CHAPTER T
INTRODUCTION

In wind tunnel research it has become more and more necessary to
study the three-dimensional flow characteristics around the model. The
magnitude and angular orientation of the airflow are .of péfticular
K interest to the researchers. Various techniques.aﬁd probe types have
been designed to obtaim this information (refs. 1-5). In s@all ?unﬁela
fixed probes are often used. Calibrated relations oﬁ the pressures
betweeﬁ ports situated at various places on the'féce of the pxope yield
the desired flow chardcteristics (refs. 6;10j.. In‘larger ‘tunnels or’
on alrcraft auntomatic null-seeking probes éan,be'useg‘(%ef.§ll). This
type of probe seeks 0u£ the direction of the wind veldci%f'yectdr, and
then by standard pitot technigues determinég'its méénitude. One of
these probes has been developed at the National.Aeronau%ics and Space -
Aﬂministration‘s ILangley Research Center.

Tt is necessary that measuring apparatus interrogating a point in
space disturb the flow characteristics as little as possible. This
specification along with those that féllow presented a formidable
problem in the design of the probe. The other speciflcations are:

1. The probe shall be capeble of nulling on yaw and pitch angles
up.to Ihs5°.

2. These angles shall be determined accurately to within +1°.

5; Flow velocity magnitude shall be determined accurately o within

1 per cent over a range of velocities corresponding to dynamic pressure

between 2 and 200 psf.



4, The probe tip shall maintain a given point in space while
searching for a null.

This last speciTication made it necessary to design = unique positioning
apparatus. A mechanism employing two angular motions which were not ‘
directly related to the yaw and pitch angles was designed to dri%e the
probe to a given yaw and pltch configuration: The combroel of théi I
mechanisn involves two, interacting, positioning servés, gince dne of

the motions is superimposéd on the other. ,Mbst‘cqﬁventiogal pésitibning
servos are one-dimensional in nature, requiring.just'one i;ne§% or *
angular motion. The contrcl problem for this proﬁe‘is‘a littie-éore
complex becanse of the positioning interaction. Three-dimensienal

vector analysis techniques are needed to analyze the feedback conbrol
systems used.

The purpose of’this paper is to describe the technigques used in
synthesizing the control systems. The mathematical analysis of the
systems 1s also developed. Before discussing the.control systens. a
description is given of the probe and the method used for positiening
it. This includes an énalysis of how yaw and pitch angles are reléted
to the angles of the controlling motions. The block diagrams and the .
system equations are then developed. This is followed by the experimental
results of wind tumnel and laboratory tests. A discussion of sﬁabil?ty
and error ecritéria is included. The papér concludes with a recommendation

for future work and a commentary on the prcobe's limitations and

advantages.



CHAPTER II
PRCBE DESCRIPTION

To understand the amalysis of the control systems one must first -
understand the method for positioning the probe. Thexe are five
pressure ports on the hEmisphepical’face of the pitot-type probe (refer
to Figure 1). The axial port (5) is connected to one side of a
differential pressure tfansducer, and the static éorts on the body of.

"the probe are connected to the other side bf the transducer. This

- R LI

differential pressure is used to yleld flow veloclty data'after the
probe has found a null and is aligned, Wlth the’ velOCLty vector. ‘The
other four ports consist of two sets of, dlagonal palrs (1-2 and B—h)

Each palr ig .comnected to a dlfferentlal pressure,transducer whi.ch

&

provides error signals for one of the £wo p051u10n1ng servomechanlsms

- s - 2

controlling 8, and 6. When the prdbe is 1n a nﬁlled condlﬁlon the

E !

pressures on the ports are eqpal *and thus, the efr;r 51gnals are Zero.
e

In this condition axis 3 is colinear thh the velocity vector. The
axis of the pitot-type probe (axis 3) is the géheratrix of a 22—1/20
conical surface when revolved (92) gbout axis 2. Axis 2 1is likéwise,
the generatrix of a second 22-1/2° conical surface when revolved (91)
about axis 1. This is the axis to Wﬁiqh vaw and pitch angles are
referenced. IT tﬁe condition is met that the vertex angles of the two

cones are equal, then rotations 8, and 6, allovw the probe to assume

any orientation within the confines of a third cone. This cone has a



Figure 1. Flow veloclty and

22,5°

Hemispherical
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direction. probe.
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h50 vertex angle. Thus, the probe can assume yaw and pitch angles up
thSO, while the prche tip maintains a given point in space.

Pressure lines run from the ports to the transducgfs located in

the main body of the probe (axis 1}). Flexible Lubing is.used to link

¥
T

oL 4
the fixed lines of the pressure ports to Fhe transducer inputs (see

Figure 2). Because of thede pressure lines, the motion of '98 must

be limited to +180%. It is also’'necessary té‘limit the motion of O
%0 #180° due to electrical lines rupningjﬁd‘fhe motor, generator and
synchro used to contrel and sense the poéitibn of eé.

;

Yaw and pitch angle @eterminations.-,Figures'B and & illustrate

the orthogonal coordinate systems which are used to relate the control
motions to the probe’s yaw and piteh orientation (ref. 12). The
- 3 -k coordinste system is fixed on the support axis of the probe

fexis 1). The 1' - j' - kX' coordinate system is located a fixed

~

distance from the i - 3 - ¥ origin as is shown by the vector A.
The- orientation of the supporting member between axis 1 and axis 2
is represented by B'. Axis 3, the axis of the sensing probe, is

colinear with C. The location of the tail of vector C with respect

~ ~ -~ .:.
to the i' - j' - k' origin is identified by B. Axis 2 is, likewlse,

represented by D and is colinear with i'. The probe tip is zituated

~

- ~
a fixed distance Xy from the origin of the i - 3 - k system. With
the probe in the positions shown in Figure 3, Gl and 92 are
arbitrarily chosen to be OO. Clockwise motions of ©; and 8o

have been chosen .as positive, or increasing angles. Yaw and pitch



Pressure transducer section

7

\

Flexible pressure lines

Figure 2, Probe mounted in tunnel sting.
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Figure 3. Vector relationship of probe parts.
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' Figure 4 Vector relationship of probe parts.



angles are O° for this orientation. Yaw right and pitch'up of the

sensing probe, with respect to axis 1, are censidered asipositive

]
£

angles. *

With 87 =0° and 6y = 0° (see Figure 3) the following relations

can he obtained;

"

sin 22,5° = 0.38% = n 4 (1)

¥

A_D_*p_ cos 22:.5° = 0.92k F'é (2)

- Lt \
It is necessary to define the vector C, before yaw and pitch angle
determinations can be made. When the probe has reached a null condition,
this vector is colinear with the velocity vectcr. Referring to Figure b,

the relation between E} D, and B is

tC=D-%8 (3)
and thls .can be expressed as
a0 _D_B (1)
c ¢ ¢C
or
A_D" B'\_A A
c==4d-2b=n3 -m .
5 c d - mb (53
Since

a =1 (6)
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and
B =B sin 85 j' + B cos 65 k' (7
or
”~ . 1?' Y
b =sin 8, j' + cos 8, k! (8)
‘then
c =ni' ~msin 6y j' - m cos B k' (9)

Al - el .
The unit veetors i', J', and k' must now be expressed in terms -
~ ™~ :

of i, Jj, and k. Again referring to Figure 4, it is seen that

ir=-2 -3 (10)
EiR
where
D= X 7 =X {11)
and
A = - A-sin 01 J - A cos 61 k (12)
Then !
1 9 3 + A'cos 6, &
i+ A gin 1 J + A'gos B
TP : (13)
D 4

Using the relations in equations (1) and (2),

~ -~

i'=ni+msinf j+mecos 6 k (1)



~

-~ ) ~ s ~
If vector j' is perpendicular to the plane of i' and A (i,

k', and A are always coplanar), then

e

11

’ * t ~ ' )
: a
3= Xl (15)
l~i' x a‘
where
r_i;
~ K A~k ~ .
a=K=-81p913-cosﬁlk {16)
The cross produect of i' and &° cax “then be expressed as
" ‘ * ’ ~
~ N A F)
iJ k : ¢
~ ' : - - l" , . .
i'xa=|n msin & :mecos G . ()
) ‘ -sin 8 —'cos_ Gl ]
4 ry
which yields L Lo
~ ~ Fal . N 8
i’ Xxa =ncos 8, j -n,5in'8 k . . 18;
n 1 4 - n.sin6, A (18)

The magnitude of the cross product is

~

Using the results of equations (18) and (19),

oxr

fal ~
ncos 67 j ~n sin 63 k

| A ] A A ‘
i' x a.l = sin f i', a = sin(90° ~ 22.5°) = cos 22.5° =n  (19)

3= - . (20)

n

A ”~

jt.=cos 8 J -5in 8] k (21)
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S
The remaining direction vector k' can be expressed as

k' = i' X3t (22).
or
i x
k' =lIn m sin ® m cos 07 (23)
0 cos 9 -sin 6;
Solving the determinant,
Pl fa) ~ o
k! =-mi+nsinb j+ncos 6 k (2k)

Using this equation along with (14), (21) and (9), the unit vector

2 can be expressed as

Fal

FaY ) a " Ea
¢ =n° i +mn sin 91 J ¥ mn cos el k - m sin 82 cos Qlj
~ ~ ' ~
+m sin 85 sin 87 k + m2 cos O, 1 -m sin 67 cos 85 ]

- mn cos B; cos 85 k . (25)
3

»

Collecting terms,

i ~ w
A S e L v 1 ,
g = (n2 + m° cos|92)i + (mn sin 84 - m cos 8 sin 6,

~ . F
- mn sin 9; cos 85)j.+ (mn cos 0, +m sin 6; sin O,

<

- = mn cos 8y cos Gé)k _ R T (26)
Since
A’.‘_!; B [ ‘o‘i L ! .
e =eo it jrek - - (27
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then
¢y =n° + m° cos 'e_2 ‘ . (28)
¢y =ma sin 8 - m cos 8 5?? ;2 ;|mﬁ éinfel 005»92'; ')(29)

and
c, =m cos ) +m sin & sinjee-— mn‘cos Bllégé 6o Eiéﬁ)

The yaw and pitch angles can be debermined using eguations (28-30),
since € represents the orientation of the probe. The angle of attack

(pitch) is represented by o, and can be computed from the expression

e ,
tan o = EE- (pitch-up of the probe is positive) (31)

X
The angle of sideslip (yaw) is represented by 1V, and can be computed

from the expression
_cy
tan ¥ =‘E§T (yaw right of the probe is positive) (32)
Figure 5 ;hows locus plﬁfs of probe yew and pitch aengles for ©; and
8o values. ‘

It is to be noted that, since the velocibty vector has a heading
directly opposite to that of the probe, the following relations exist:
1. Yaw right of the proberis equivalent to yaw right of the

velocity vector. .
2. Pitch up of the probe is equivalent to pitch down of the

velocity vector.
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o |
1807 __ (+) Pitch angles

— — = (=) Pitch angles
{+) Yaw angles
=== (=) Yaw angles

Figure 5. Yaw and pitch angle plots.



CHAPTER ITT
DESCRIFTION OF CONTROL SYSTEM

Manual and avtomatic control.-.Figure 6 shows a schematic diagram

of tﬁe basic control system used for the two angular motions that
position the sensing probe. The only differences between the two

systems are gain values in the servoamplifiers, gear reduction ratios,
and pressure sensitivity to probe motions. Pressures picke& up at the
probe face are transmitied to transducers in the body &f the probe.

These transducers sense capacibance changes through motions of a stretched
metal dlapbhram. The Pull range of the transducers is 10 psid. They

are so sensitive, however, that six other ranges are selectable by a
switch on the signal conditioner. The wost sensitive range is £0.01 psid
full secale. The signal conditioner provides amplification, so thak a

15 Vde output is available on any of the ranges selected. This output

is chopped and fed to a servoamplifier, +the push-pull output of which

is the control voltage for a two-phass servomotor. An a-c¢ tachometer
driven in tandem by the motor provides a demping signal back to the
amplifier input. The wmotor drives ite probe angulaer motion and a

synchro transmitter through a high ratic gear reducer. The synch;:'o
provides a signal which i transmitted to a readout device used for
monitoring and recording the angular position. This angular readout "
unit, located at the control chassis (see Figure T7), also coﬁtains_the

1limit switches whichprevent the probe from winding up and fouling its

15
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Figure 6. Basic control system schematic,
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pressure lines and control wirves. Space and wire limitations prevented
the limit switches from being located within the probe itself.

Component description.- Brief comments on the probe parts follow:

A. ELECTRICAL COMPONENTS

(1) Pressure Transducers and Signal Conditioners - The pressure
transducers used to sense the pressures st the ports on the probe face
are located in the body of the probe's support axis (see Figure 2).
These transducers employ stretched metal diaphrams, the motions of
which are sensed aé varying capaéitance. This in turn modulates a
10 kHz carrier voltage which is supplied from a power supply lchted
in the control panel. The signal conditioners (alsp_locateq in the .
control panel) provide the necessary gain and demodulabion circuibs.
Seven separate ranges or gain values mayrbe selected by a switch on the
sienal conditioner. A t5Vde output is provided fbﬁ the fuil ?caie L

1

. ' ‘ P,
value of each range. The selectable ranges arve: 0.0l psid, T0.03 psid,
. -f s - B ‘.

) ' )
0.1 psid, ¥0.3 psid, ¥l.0 psid, 3.0 psia, and\i;o.o'psid, e L w

E

(2) Servoamplifiers - The amplifiers used to drive thelcdn?rol'
motors are so0lid state devices capable of delivering 3.5 .watts frouw &
differential output. They are designea to drive £he centefttapped;*
coﬁtrol winding qf a two-phase 400 Hz servomotor. The gain éah be éet
(up to 2500) by selection of an input resistor for single ended inputs.

(3) Servomotors, Generators and Gearheads - The control mobor,
feedback generator and gear reduction package are all integrated into
one unit. Two units are provided and are identical with the excepltion

of the gearheads. The ©o system has a 1446:1 gear reduction, and the
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61 system has a L496:1 gearhead with an additicnal 4:1 externsl reduction.
The motors opevate with a 26V, 200 Hz fixed phase and a center tapped
‘control winding. Their no-load speed is 6500 rpm. The generators also
require 26 V, ¥0C Hz and deliver O0.I1 V rms/1000 rpm for éqpivalent
demping. These damping signals are summed (180° out of phase) with the
control phase signal at the Servoamplifiers, and the gains are set by
selection of the input resistors.

(%) Choppers (400 Hz) - Solid state choppers driven at %00 Hz
convert the de output voltageg from the pressure transducer signal
conditioners to sigunals compakible with the 400 Hz servo components.

(5)v Synchro Transmitters - The positions of the controlled
angles ave sensed by 100 Hz synchro transmitters. The synchros are
located in the probe body, and are geared te the probe drive axes:

" (6) Angle Tndicators - The synchros in the probe are wired back
to angle indicator units located in the control panel. The synchro
transwmitter Sigﬁals are fed into control transformers. These control
transformers are driven to a null by servomotors in the ig@icgtor units.
Mechanical angle counters are geared to the servomohor-control trans-
former systems. Limit switches are algo geared ?0 this‘méchanical
system. Thege Llimit switches are wired £0 lim;t the travel of the 6,
and 6Op mobions on the probe. '

(7) Control Chasis - The amplifiers, choppers, swi%chés aﬁd‘-

+,
relays used in controlling the servomotoré ave movnted on a chassis'in
the conbrol panel (see Figure T). This undt also contalns me?efs for

monitoring the pressures on the null porks.
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B. MECHAWICAL COMPONENTS

(l) Sensing Probe - The pitiot Ltype sensing probe was conétructed
from 0.1875 in. c.d. stainless steel tubing. Six smaller {(0.020 in.
i.d.) stainless steel tubes are contained inside the large tube. The
hemispherical face of the probe contains the ports for five of the
smaller tubes. The total pressure port is located on the probe axis.
The nuplling ports are separated hy 90O on & plane perpendicular to the
probe axis. FEach is situated on the probe face at an angle of 15° +o
the probe axis. The sbtatic pressure ports are situated dpwnstream
from the probe face, and they feed. the sixth small tube.

(2) Probe Body - The mounting assembly, the housings which
contain the transducers, mobors, generators, synchros and the drive
trains were all designed at the National Aeronautics and .Space
Administration's Langley Research Center. The material used for the

ﬁarts was stainless steel.



TABLE I

TIST OF COMPONENTS

Component

Manufacturer

Model number

Pressure Lransducer
Signal conditioner
Power supply

400 Hz chopper
Servoamplifier
Servomotor-generator-
Agearhead

Synchro transmitter

Angle indlcator

| Sensing Probe, Housings
and Support Section

Datametrics, Inc.
Datametrics, Inc.
Datametrics, Inc.

So0lid State
Electronics Corp.

Kearfott

Clifton Precision
Products

Clifton Precisicn
Products

gServo Systems -Co.

NASA-LRC

© e85
11015

700
6L

703148001

T3750-ARY~1
and

< T3750-KAM~1

COE-8-F-T

ID-10335 and
ID-1034

-

21
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Manual control.- The drive mode for the probe motiong is-selected

by a switch located on the conbrol chaessis. When it is desired ﬁo‘
position the probe menually, the input to the Fhoppef is switched from
the transducer signal conditioner output to a battey& an@ ﬁqlagiﬁx‘..
switching network. The ﬁfobe can be manually driven to a null by

v . .

observing the metered ocubputs of the pressure transducers.

Automatic control.- As previously statéd,"there are‘twolangula:
motions (8, and 85) employed in positioning the probe to 1t proper
null point. The motors controlling these motions are.driven b§-errof

c

signals obtained from differential pressure transducers ané‘£pei:; '
signal conditioners. One pressure transducer senses the pressure
between ports 1 and 2 (Py_p), and enother senses the pressure between
porfs 3 and 4 (P3_4)-

At first, it was thought that it would make little difference
which error signal was used to drive the motor controlling 92. However,
vhen 0Oz is controlled by the pressure difference signal at ports 1
" and 2, the system is unsteble. This can be demonstrated by the
Tollowing mathematical analysis:

Referring to Figure L,

(lj The unit vector ﬁl defines the orientation of a line
which passes through point Xp and is parallel to a line between
ports 1 and 2 (the direction of P; is from port 2 to port 1).

(2) The unit vector 82 defines the orientation of ports 3

and 4 in a like mamner (the divection of pp is from port b to port 3).
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The vectors 61 and 62 can be defined in teyms of ‘Bl and 82

as follows:

From Figure 4 it can be seen that
~ Fay ~
Dg=i‘ Xb
Using equation (8),
=91 x{sin B, 3' + cos O k)
P = ' o dJ 2

L

or
~ I} N
Py = = cos O Jt + sin 65 k'

Using equations (21) and (23),

~ . ~ A
pp = - cos B(cos 8y J - sin Oy k)

~ ~ ~
+ sin 6o(- m i + 1 sin 6y J + n cos 8y k)

and finally

+.(n .cos 8 sin 8y + sin 6, cos O)k
Vector ﬁl can be expressed as
ﬁl=62><6

Using equations (35) and (9)

~ A . ’}
py, =-msin 8, T +(n sin 9 sin 6, - cos 8, cos 8,)J

(33)

(34)

(35)

(56)

(37)

(38)
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~ ~ ~
it j" k! .
B = |0 ~cos 8, sin 65 _;‘ (39)

n -m sin 9 ~m cos 6o

Solving the determinant,
;o= (m cos® 6, + m sin® B5)i' + n sin 85 j' + n cos 6, k' (ko)

Using equations (14), (21), and (2k),

gi = m(n E + m sin Gl 3-+ m cos Bl E)
+ n sin 6y(cos 8 3 - sin = k)

+ 1 cos 62(- m.g + n sin 8 3 + n cos 9y ﬁ) ©(b)

Combining terms,

Fal

" "~
1 = (mn - mn cos B)1 + (n2 sin 8, + n cos 6; sin 0,
+ n2 sin 01 cos 82)3 + (m? cos 83 ~ n sin 8y sin O

+ n® cos 6y cos @E)E ‘ (k2) .

This defines 61; a unit vector which can be used to represent the
orientation of ports 1 and 2. Likewise, 62 represents the orientation
of ports 3 and 4. The relationship of ,61‘ and 62 to the velocity
vector is now developed.

Iet % = uﬁit vector representing the orientation of wind velocity.
For this analysis, assume that ¥ is constant and only the probe can

move. At a null,

¢ ==t (¢ = unit vector along the pitot probe aﬁis) (h3j
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and
) ~ ”~ ~~
Vep =Vepy=0 (hhl

For small angular dewviations, the pressure differences between ports 1
and 2 will be directly proportional to the amcunt that ?he angle
between B, and ¢ Qiffers from 90°. The same holds for the
pressure difference between ports % and 4 and the anéle between 62

and ¥. This was shown by empirical testing of the hemispherical

probe {see Appendix I). The relation was found to be

Piza _ P3-h _ 0.07 g(psi)/deg (45)
¢i ¢2

And g, @;, and @, are defined as follows:

a =‘dynamic pressure in psi
4]
2

i

angular deviation of ﬁl end ¥ from orthogonality

{f

angular deviation of Po and ¥ from orthogonality
The dot products of ¥ with Py and $p can.be expressed as
% . By = | 9|8y} cos (96° % ¢;) (L6)

and

N
=)
N>

3 ='|$|‘62| cos‘(90o i‘ﬁe) (57)

Since

jv] = 8] = 8] =2 - (48)
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these expressions reduce to

<>
L ]

P
1

=cos (90° £ §)) <gsing ~x (49)

and

<>
L ]
jo)
N
|

= cos (90° % ¢2)

F sin ¢2 = T ¢2 (50)

for small values of @7 and @o.
Determination of control motion .sensitivities.- By détermining

A0 B) My TP e AT-B) M AT )

a - =]
ae]__ ael’ 592 392, 392 392, an 391 ael

(Refs. 13 and 114) the effect on pressure differences between ports 1
and 2, and ports 35 and b by el and. Cp motlons can be found. At
any given null condition, ¥ =- 3, and 6; -and 8y are at some fixed

positions, 8]" and Bé. The velocity vector can then be described

¥

from equation (26} as

~ 2 2 -~ -
v = (- n° - m° cos 6})i + (- mn sin 8] + m cos G_i sin &
- ' , ,: - -t’ - . ’ ' Il -
+m sin 8] cos 82),]—1-( mn cos 6} w sin 6] sin 82: o
~ . S . - v ot
+ mn cos 6} cos 8')k . . o * (51)
l 2 N . PR ., i
The effect of 6, on Pj_p cen be found from

\
'
L * '

HY - al) _, i‘v‘zi . aplx .o aﬁ +_;,. Bplyf
0o =x\30,/  *\36o \de,,  Y\oes /.

v\ (3 N
+ plz(ﬁ) + vz‘(a—’;i—”) : (52)
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Since ¥ is considered constant

av ov ov
X - ¥ - % _
59‘2 ) o ) 592 =0 7 . &)

and the eqguation simplifies to

¥ + By) p fop dp,
ARV SO a3 Ty S A PR (54
392 382 382 902
The texrms vy, vy, and v, can be obtained from eguation (51), and
3 B
P1xs Piys @nd oy, from (42). Then.after determining Pix

and Belz the effect on Py_» By O, at some null point can be
2

expressed as

sin 9] sin eé)

B(G : 6}_) 2 B N
——— = (- n® - u® cos e’)(mn sin e*)
905 :
= 01 [ SIEE-% S 1y 4 gl t
9, =084 + (- mn sin 91 + m co§ 91 ?lll‘ 6} + mn sin 61 cos 62)
= At . ) ; -
82 - 92 (n cos Bi cos 84 - n2

- ar _ t t 1 H
+ ( mncosel‘msz.nelsz.n92+mncose cose)

2
(- n sin ‘elrcos 6g - 0% cos .87 sin ‘62) ,

» 1 (55)

¥

Multiplying terms and simplifying,

= mn sin Bé cos Gé[l - (z® + na)l =0 (56)
Pl ' L

8 =8¢

2 2
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. - . 1 ’ X Al AP:L:.E.. 1
Since Py_» 1is proportional tc ¥ - pl,‘then % is also gzero.

[
=

Thi:s means that P;_o will not change for small changes in 8y from

;% . A1) .
1ts mull position. By exemining the function —S_SEJZLl at values of
. 2

By = 8} + 85 (8.p = small angular change)
and
= .
e2 82 962
it cen b that L DI 11 conditions b
i 'can e seen a ——msag—-— =0 "at null conditions because a

maximum exists. - This results in a condition of instebility. The error
. 8ignals due to 'Pl_é mist. be opposite in gign on each side of the null
point. This is no% possible iT a maximum exists.

Since 0, cannot be conbrolled by pressurcs ab ports 1 and 2,

—30 must be exsmined. This relation can be expressed as

e el * e el e

Z. {OPag\ '
,DEZC‘:;_Q-)a,'{- VZ g'e?) (57)
MAnd since
. dv. %
X _ ¥y A __:,Q, (58)

692 .aea" §92



29

then

o(¥ - Ba) Oox\ _ [OPzy 9Py
S, vX(aeg )+ VY(BGQ ) ¥ vz(aee ) (9]

Once again vy, vy, and v, are cbtained from equation (51), but.

apgx *Bpg
Poys  Poy and P, are found in (37). After determining g@g—, 5 7

Bpgz
090

can be expressed as

, the effect on PB-M by 82 motions at some null point

= (~ 0% - 1 cos Gé)(— B COS eé)

+ (- mn sin 6 + m cos &' sin € + mn sin 6! cos Bé)

1 1 2 1

s 1 1 ! 1y .
(n sin 8] cos 8} + cos 8] sin 85)

- L tn 6! oin 61 1 !
+ (- mn cos 6] ~m sin 6] sin ] + mn cos 6] cos 823

(n cos 6] cos 8} - sin 6] sin B4)

(60)
Multiplying terms and simplifying,

3% - B »
0, o =m (61)

B = at -

=8

= g

82 = 62

1

This result shows that Tor small changes in Bp about a'null position,
Pz_) will be directly proportional o changee in '92.' Tt also shows

that the sensitivity is independent of the null position (Bi, eé).
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This analysis has shown that the motor driving 62 must be
controlled by error signals due to pressure differences between poOTtLs
"3 apd. 4. That leaves 81 to be controlled by pressure differences

between ports 1 and 2. The sensitivity of Py _p to ©; motions can

be determined From

M=. ‘EV_JE"-I-V a_pl_'}_c_'.f. 'ir_'?_.;.v'.aﬂ’z
08y P1x 007 X Bel ' plb"ael Y'Bei )

ov /0D
+ 913(3753' + Vz(ﬁaeiz) (62)
Since
Bvx va sz ) .
o, 5%, 8%, ° (63)
and
Jo
o, = 0, since :le # 3(91) (éh)
then . o
R I . £
3+ - 31) ) aﬁl 301,
P ' 5 T E Iz
) ) )

' v
The terms vy and v, are cbbained from equt?b? (51),%end piy and
from (42). After £i a\‘ %1y a %1z the effect on P
Pyy Irom . r fin 1n? 555— ?? S8y ot P10

due to 6, motions at somé null point can be. expressed as
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= -— 1 1 | \ + 1 * . 1 " 1
(-~ mn sin O] + m cos 67 sin 92 +mn sin 6] cos 92)
1

1 Bi (m2 cos 9" - n sin Si‘ sin 85 + nz'cos*el cos Bé)

@
H

O = 8} + (-~ mn cos 6] - m sin Bi sin 85 + mn cos 6) cos 9')
(- m° sin ] - n cos 8] sin 8} - n? sin 6. cos 1)
(66)
Multiplying and simplifying,
(¥ - By) C o1 (6

-——§-e—]-———— =m sin 5 7)
' - g1 . .

el = Gl

= 0t

92 92

The following is revealed about changes in P;_o for small changes in
e‘l about a null position:

(1) The magnitude end sign of the change are-.dependent on the
probets null position due to the sin eé term.

(2) There are no pressure variations when €} = 0%, 180°.

It h;as been previously shown by equation (56) that the pressure
between ports 1 and 2 is not disturbed by smell changes in 8 about

the null point. It will be of interest o determine the disturbance

on the pressure between ports 3 and 4 due to changes in el. This

3(% - Bp)

which can he expressed as
361

determination is made by Ffinding,

I
3 - Bp) : >y 9oy
3o, Px E_ ael T Py 38, Ty 36,

3w\ op ; ‘
+ Dzz(ya + vz(g—e?-z—) (68)

z
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The velocity vector (¥) is constant, and thus,

& 98 1
Since pq, # £(61)
dp
& —
6'9"1— =0 (70)

and equation (68) reduces to

(71)

(¥ « Po) _ Bpay poz
08¢ (ae E_

Terms vy and vy are obtained from. equation (51), and * pgy and poy

1

from (37). After finding B —, and 18@
Oy SR o
a(v . 02) 9‘ ' o '6‘ + 9 o )
—Sr ={- mn sin +m cos 1. 51n m sin 6! cos
®1 =0 (n cos 8] sin 92 +-gin el cos 04)
0, =8
2 2 4 (- mn cos 6] -~ m 51n»Ql S}n 6} + mn cos @ cos Gé)

(- n sin 6] sin 8} + cos 8] cos 84)

(72)
Multiplylng and simplifying,
3¢ - B)| -
2
= ma(1 - cos 8}) (75)
391 |

D
=
i

<D

e
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The following is revealed about changes in PB-# Por small changes in
[ ' !

1

97 from its null position: v

(1) The chenge is dependent on the prebe's null position due to

the term (cos 6))

(2) The sensitivity is greatest at 95 = 180° and is zevo. at ' -

. 1 '
! B
1

t — 0 .
82 O- Yy

)
L] . *

, M i . ‘ o .
From this analysis it was found that there is a disturbancé on the -
servosystem which countrols 62 due to the interactﬂon.caused by-,ei
motions. However, the converse is not true. Motions of 85 (near the"
%

Al Al

null condition) do not affect the servosystem copntrolling 6;.



CHAPTER IV -
ANALYSIS OF CONIROL SYSTEMS

System equations and block diagrams.- For any given veloecity vector

within the range of the probe there is a set of yaw and pitch. angles
which Identifies its heading. These yaw and pitch angles are achieved

through control motion settings of ei and eé. These angles (ei and

eé) are the reference inputs to the two feedback control systems. A
block diagram showing the two centrol systems and their interactions
for small signal analysis is shown in Figure 8.

The blocks Gi(?) apd  G)(8) represent the cascade transfer
.functlons of inner loops. Rach of these loops is made up of an amplifier,

a motor and a feedback generator. The block diagrem for this inner loop

is shown in Figure 9. The development of the transform G'(S) is given

in Appendix II (Ref. 15).

R

Bach of the systems can be considered a gimple positioning.servo-

mechanism by combining the cascade blpcksjand'moving the disturbance
“outside the loop (ref. 16). Figure 10, is é generalized block diagram

+

of such a system. A new reference (R') is formed by the effect of the

a 3

disturbance input. The transfer function for this systém would be: !
4
8(s) _ Ky

R'(s) " n o+ Kk k
Sl8 + ————=>2

- e'g)(8+-7)+KT

(%)

3k
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Ky, = m sin 82'

v

Figure 8. Block diagram of control system,

+ * GEJ Klktl etl eml 91
{) kvy = Gy Kny >
g 5 ¥ .

5y
K g ) T
kyi 0 ky; o =un{ 1 = cos 84 )
- ¢d2
+ , "
fo pp (V255 [etp | . | Sm o
kpz - = P G2 kna
S +¥2

ce
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v

e )
JS* + hS
Cs ke
kg
o, = er(s)e,
kky
G'(S) = . - J kka
+ k
s(s + ——=—F)

Tigure 9, js;ock diagram of imner loop.

v

- a(s) |

- ¥ -

G(s) =

o

_ kgl Y
J

Figure 10. Generalized block diagram.

s(s + h+kka'g)(s+b’) .
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where,

ik,
-

(75)

Discussion of the control systems.- The forward loop gain as taken

from Figure 10 is

a(8) = PR ‘e (76)
sfo + -'—l;-lialf&)(s + )

This can be expressed in terms of the velocity constant Ky and the

equivalent time consbtant T as

G(s) =

(77
s(s TGRS :
T

where

Ky = — 2 (78)

and

(79)

T = eree————
h + Kok,

- A T,
Since the system has unity feedback, @G(8)- ie also the open-loop
trangfer function. The single pole at the origin makes this a type 1
system. Theoretically, type 1 systems have-no stesdy state errors for

ot
' .

a step input. This is desirable in & null seeking—systeﬁ such as this.
L DO B — -
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It was not necessary %o design for a low velocity error, because the
probe is to be used for making s£atic interrogations of points in a wind
tunmel. In using the probe, tﬁrbulent conditions will cften be
encountered. To filteér out the effects of these noise:signals, the
system's variable constants can be adjusted to make the system a low
pass filter. Also a large demping factor is.necessary, since tthe angle
indicator unit has a limited slewing speed. If -burbulence is not a

problem, and if a faster responding angle indicator were used (all

electronic), the response of the system could be improved. increasing
the gain, using phase 1ead.compensation, or a combination of both, would
accomplish this. There is COnsiderabie gain margin in each of the
systems. Tﬁis is illustrated in the root iocus pibts which aré developed

in Appendix ITT.

91 system.- From Figure & it is cbvious that while the 07 - system

has no direct disturbances from the 8o ‘éysﬁem.at a- null cqg?ition,
. 1 .o 1
it is affected by the 92 system.‘ This is due . to the fact that the

4

term sinreé appears in the k&i, transfer function- Two~probieﬁs

[ v [

are ifmediately evident. First, a cén&itionlbf'instabili%y will occur

it Bé is allowed to take on‘qegativei%alues; Secéndlyj‘the|éystem
becomes an open loop when Bé %’09.\ Thg fi?sé prob%eh Was.solyed By
limiting Gé to positive vaiugs‘g§ éétting_the ;iﬁit éwitdhgé atb:

9y = 0° and 0y = 178°. This doés‘not compfbmise %hé pgobé*% range of

yaw and pitch angles. As can be seen in Flgure 5, there are %wo null
points Ffor each combination of yaw and pitch angles within the probe’s

range. One null point is in the negative Bé range, and one is in the
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‘o
positlve range. The second problem occurs only when eé =0 . It is
true that ©; is subject to random drifting‘when.this occurs. However,

when - 85 = OO, the special condition exists thatb yaw'and pitch angles

L4

N +

are both equal to zero. In this special condition el can assume any
position without loss of accuracy. This can be seen by again examining

FEigure 5.
8o system.~- This system has no poéitipﬂ deﬁéndentptransfer functions
within the closed loop. However, it is subject to disturbances from
i . Lol i

the Gl system. These distufﬁénce'sigﬁals.arengpendent on the position
. ¢ «’ a4 '

of 05 due to the term cos é2' in“fhe,distuf%énce transfer function

1

(see Figure 8). It is most fortunate that when - 8y . tends to drift
R v B

(62 =0°), the transfer function for its disturbing effects on 9o

takes on a value of zero.



CHAPTER V
EXPERTMENTAL RESULTS AND CONCLUSIONS

Wind tunnel and lab tesis.- Calibration tests were made on the

probe at Langley's 7 X 10-foot research facility model tunnel. Theéé
tests showed the probe to have yaw and pitch angle errors of up to 2.50h
The repeatabilityrof the probe, héwever, ﬁas better than 0.2°. The
erroés seemed to be systematic, so further tests were made with the
pfobe in the laborateory. The results of these tests showed that the
errors were due 0 two things:

(1) Deadband in the ©; drive gearé-of nearly 2°.

-

(2) Misalignment of the nulling ports. -
P
Both @) and Pp have apparent deviations of 0.75° from the ideal

condition of orthogonality with the probe axis. The word “apparent"
is used, since the condition could bé‘céuged by other factors such as

an uneven pressure profile on the probe’s face.

Recommendations and concluding remarks.- The deadband that was .
) R T E : R :
found in the €; system was removed by making some mechanical improve-

*

ments on a gear key.. The misalignment of the nulling ports .can be

3

compensated for by setting an offset vnltagé o? the sigqal conditioners
for the null pressure transducers. Thé level of tﬁe offset will be
dependent on the tunnel dynamic pressure (q). The probe is presently
walting access to vhe model tunnel for further calibration'tests. Even

if the sbove corrections do not bring the absolute error to within 1°

it is felt that the design objectives will have been met. The excellent

40
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repeatability as shown in the first calibration itests dnsure that the
gbsolute errors can be calibrated out. The seqqitivities oﬁ the systems
are such that the design requirement Df‘a q %ange of 2 t0s200 psf was
easily met and surpassed. The preésure»transducer sensing dynamic
pressure by standard pitot tube techniéues ﬁas an’ accuracy qf~bettef
than- 1L per cent. This insures a d§teﬂ£inatioqfof:;eiocityrmagnitude
that is within the prescribed F1 pe£ cent. It is diffic;i% %o “test the
probe fully without the use of a %unﬁgl. Plans é%ehéé use the probe

in Lanéley's new V-STOL wind tunnel whep that facilityfhgcémes ‘
operational. The probe’s full capabilities can best be examined at
that time.

If a similar probe were Lo be consbructed in the future, several
recommendations should be .offered. TTirsh, consideration should be,given
to the use of sliv rings for the wires going to 8, servo components.
With slip rings, mobtions of 81 need not be limited. Finally, an
investigation could be made into the possibility of a more ideal
erientation of the mulling ports on the probe face. Sensitivities
could be improved, or cross coupled disturbences might be reduced.

- In conclusion, it is felt that a useful instrument has been’
developed. While it is too large to be uced in small wind tunnels, it

. should find epplication in many of the larger tumnhels where subsonic

investigations are made.
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APPENDIX T
PRESSURE SENSITIVITY OF WULL SENSING PORTS

Tests were made in a model wind.tunnel to determine the
sensitivity of the null ports on the probe face. The probe was held
fixed in a sting which could be accurately positioned in angle of attack.
Port holes 1 and 2 were checked, and then the probe was rotated 90O for
tests on holes 3 and 2. The sting was driven through offset angles
(515) of *4°. Figures II-1 and IT-2 are plots of differential pressures
between ports versus offset angles.

From these plots the sensitivity of both pairs of holes can be
seen to be, 1 X 10~2 psi per degree offset. Since the tests were made at a
q of 13.9 x 107'2 psil, the sensitivity can be expressed as:

P12

P
o3k (1 x 1072 pei ( 1 )
== = 277 psi/deg) -
Ny s 13.9 x 1072 psi

oxr

Ploo Psy

A 0.07 q(psi)/deg

Tests were run at other da +values, and the hole sensitivity was always

found to be 0.07 q(psi)/deg or & q(psi)/rad.

Wl
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P L4

( x 1072 pst) 3 |

-
)
4

[

13.9 % lo?z(psi)

P bt
{ % 10-2 psi) 34 o
2....-

Figure I-2, Pressure sensitivity of ports 3-k.



APPENDIX IT
DEVELORMENT OF THE INNER LOOP TRANSFER FUNCTION

The speed-torque characteristics of a two-phase~servoﬁotoi can
be approximated by linear curves. A graphical representation of their

relationship'is shown in Figure II-l. The mathematical relationship is

L = - hay, + b, (IT-1)

Over a limited range the ratilo of stall torgue to applied voltage can
also be considered linear. TFigure II-2 illustrates this. From ‘this

curve
Ty = keg (IT-2)

is obtained. From Figure II-1 and equabion {IT-1) it can be seen that

by = Ig ‘ . {11-3)
and therefore,
L = - hoy, + ke, (TT-I)
If the load is purely inertial
. d%ey
L=3 —3 (1T-5)
dt
and
2
a~e de
J—2=-n 24 ke, (1I-6)
dte’ dat



by

Torque (L)°

A

3 .
\\L-‘S»l\._pez'h

Speed (w )

Figure II-1. Servomchbor speed-torque curves.

Stall torque { LIg )

Slope = k

Applied voltage ( e, )

Figure IT-2. Stall torgue versus imput voltage.



The TaPlace form of this‘equgtion is
7526,(8) = kea(S) - hSO(S) (1I-7)
or
(75°% + 18)6,(8) = ke (8). ‘L (T1-8)

The transform of the motor can then be given as

6,,(8 - .
w3 x (11-9)
ea(8) 362 + 1s .
Using the relations obbtained from Figure 2 in the texﬁ,.
e (8) = ke () (IX-10) |
ee(8) = eg(8) - eyx(s) (TT-11)
and,,
eg(8) =k 80,(8) : (TT-12)
The inner loop transfer function is
kka
e J '
a1(s) = 2ulE) _ (11-15)

e4(8) ( h+k.kk)
sls +



APPENDIX IIL
ROOT LOCUS PLOTS AND SYSTEM CONSTANTS

The open loop transfer fumction, Ky and T were described

in the text (equations T7-79) as,

Ky7
c(s)u(8) = a(s) = T (IT1-1)

s(s + %)(s + )

and
Ky = o (I11-2)
(h + k.kakg)
E—
&
where
kykokkkakn Y
Kp = —= (111-3)
J
and
T = J (TII-h)
h + Xk _k
ag
The closed loop transfer function given in the canonicail form 1s
c._ G = T ! (ITI-5)
R 1+qH 7 :
s5+<7+}->32+18+KV
T T
The characteristic equation is
R A i -
s+(7+-1:s +Is+——=0 (II1-6)"
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The closed loop poles are then found from the following constants:

B, System

The 6, system constants are:

3 1
kvl 0.384 sin 62

kp, =% g psi/rad

* .
ktl = 5/q volt/psi (minimum transducer gain for .
probe threshold at ¢; = 0.5°)

Ky = 1072 oz-in/volt

Ky, = 5.0k x 107

6

Jy = 8.35 x 107 oz—inusecefrad

- . J-l- . 1 -3
KTl lihT % 107 sin 8, sec

hy = 4.0 x 10" oz-in-sec /[rad

¥

= 3 x 1072 volt-sec/rad

= 1.06 sin Gé se:c":L

>
=
|

Ty = 3.6 x ILO"3 sec

7y, = 50 sec™L

¥These constants are adjustable.



DL
The open loop poles are
§=0, S=-50, and & ‘=.¥2748}‘
The closed 1oop‘po%es are

8

]

0, ~50, and -278 (6 =0)

8§ = 1.1, -£8.7, and -278.7 (65 = 90°)

The root locus plot for the el system with eé = 90o is shown in
Figure III-1. As 65 approaches 0° or 180° from 90° the closed loop
poles approach the open loop poles.

O System

| The Bo. system constants ave:

0.384

*vp

kp

5 L g psi/frad

]

# i
kt2 = 5/a4 " volt/psi (minimm transducer gein for 5
probe threshold at ¢2—= 0.5 )

ky = lO'Bloz—in/volt
*

k, =2
ay =22

k =6.91 x% 10~%
Do

Jp =B.35 x 1070 oz-in-gec/rad

Kp, = 7.9 x 10° sec™?



& Closei loop pole

X Open loop pole

K = 4.56x10 £y

T100
-278.7 o i
oy Ne 1 ! >£ * >
300 278 200 ~100 —5 I;T |
et 5 ¥ X
K= 1.59x10" ¢ _ 370"

i

Figurc ITII-1l. Root locus for ©; system ( €' = 90° ).

a Closed loop pole K

u
=
o
£
B
E
?
¥

X Open loop pole

-168.4 -48.6
-r‘AV 1 | » &
T.1%8  ~150 -100 -5%@ B "‘ /@K’ @
IR B
k= Oxl0 K = 7.9x10°

Figure TIT-2. Root locus for 82 system,



h, = hoo % 1o”h oz-in-Séc/rad

*
kg

o = b x 1079 volt-sec/rad~

Ky, = 0.9k sec~t
To = 5.96 X 1072 sec

= <1
72 = B0 gec

' #These constants are adjustable.

The open loop poles are
8 = 0, =50, and -168
The closed loop poles are

5= "'0.96_’ "')-l'896; and "168-)4'

The root locus plot for the 6, system is shown in Figure III-2.
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APPENDIX A
FLIGHT DATA

Figure
A-1  APS Thrust Chamber Pressure (GP2010P - PCM) During BTD

A-2  APS Qxidizer Isolation Valve Inlet Pressure (GP1503P-PCM) During BTD
A-3  Fuel Isolation Valve Inlet Pressure (GP1501P~-FM) During BTD

A-4  APS Fuel Isolation Yalve Inlet Pressure (GP1501P-PCM) During BTD
A-5  APS Fuel Tank Bulk Temperature (GPO718T-PCM) During BTD

A-6  APS Oxidizer Tank Bulk Temperature (GP1218T-PCM) During BTD

A-~7  APS Helium Supply Tank No. 2 Temperature (GP0202T-PCM) During BTD
A-8  APS Helium Supply Tank No. 1 Temperature (GP0201T-PCM) During BTD
A-9  APS Regulator OQut Manifold Pressure (GP0025P-PCM) During BTD

A-10 APS Regulator Out Manifold Pressure (GP0O18P-PCM) During BTD

A-11 APS Helium Supply Tank No. 2 Pressure (GP00G2P-PCM) During BTD
A-12 APS Helium Supply Tank No. 1 Pressure {GPOOOTP-PCM) During BTD

A-13 APS Fuel Differential Pressure - Tank Bottom to Engine Interface
(GP0616P-PAM) During BTD

A-14 APS Oxidizer Differential Pressure - Tank Bottom to Engine Interface
(GP1116P-PAM) During BTD

A-15 Regulator Out Manifold Pressure (GP0025P-FM} During BTD
A-16 Oxidizer Isolation Valve Inlet Pressure (GP1503P-FM) During BTD
A-17 Oxidizer Injector Inlet Pressure (GP2006P-FM) During BTD
A-18 Oxidizer Isolation Valve Inlet Pressure (GP1503P-FM} During BTD
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