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INVESTIGATION (OF THE CROSS-SHIP COMPARTISON
MONITORING METHOD OF FAILURE DETECTION

IN THE HiMAT RPRV
James A, Wolf

INTRODUCTION

The highly maneuverable aircraft technology (HiMAT)
program will provide researchers in the military, industry,
and the National Aeronautics and Space Administration (NASA)
a developmental tool with which to test new concepts for the
next generation fighter aircraft. The HiMAT remotely piloted
research vehicle (RPRV) is a subscale prototype which will
have enhanced maneuverability (sustained 8G turn, 0.9 M, at
7,900 m) using state-of-the-art technology (ref. 1).

The HiMAT RPRV has a basic design requirement that no
single failure shall result in the loss of.the vehicle {(ref.
2)}. The method by which this requirement is met, with re-
séect to failure detection in the canard, aileron, and eleva-
tor servosystems, is of some concern. The on-board primary
microcomputer ;ompares the surface position of corresponding
right and left surfaces. This cross-ship comparison monitor-
ing (CSCM) should detect a servosystem failure in time fox
a safe recovery. However, a failure indication for any other
reason other than a failed servosystem (nuisance trip) would
greatly hamper the research mission. By using a computer
model of the HiMAT CSCM technique, the sensitivity to servo-

system differences was evaluated. It is important that the



CSCM be evaluated to improve confidence in the performance

and to define potential problems. This report gives a brief

background of the HiMAT RPRV, describes the modeling of the

servosystems and failure detection scheme, and discusses the

possible effects of variations between servosystems.
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HiMAT R;PRV
A brief description of the HiMAT RPRV is given in the
first section. The focus of the following sections is on the
method of failure detection for the simplex servosystems which
actuate the canard, aileron, and elevator control surfaces.
Pertinent background information is given and some of thé pot-

ential problems discussed.

Description

The HiMAT RPRV is a scaled version (.44) of an advanced
technology ficghter aircraft. There are numerous state-of-~
the-art concepts implemented in the design, such as the com-
posite structure, close-coupled canards, and wingtip fins.
Pigure 1 illustrates the dimensions of the vehicle and the
five types of control surfaces. The following subsections
give an overview of the HiMAT RPRV and program, and because
the subject of this report is the failure detection in the
simplex servosystems, these systems are discussed in depth.

Overview. — In the primary flight mode the vehicle is
controlled by the ground-based pilot in the cockpit of the
Remotely Piloted Vehicle (RPV) facility (see f£igure 2). This
facility provides the pilot with conventional displays using
downlinked data from the HiMAT RPRV. Pilot commands are pro-
cessed in the ground-based computer, then uplinked to the on-
board microcomputer which outputs the command signals to the
respective control surface actuators.

There are two on-board microcomputers in operation during
the primary flight mode. This is the normal mode for maneuver

and cruise research. The major functions are distributed be-
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Figure l.~ Three-view drawing of HiMAT RPRV.

Dimensions are in

meters.
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Figure 2.~ Conceptual layout of RPRV operation with ground facility.



tween the two computers. One computer is termed the primary
computer and one is termed the back-up computer. Although

the back-up computer has a major function in the primary flight
mode, the term "back-up" arises because, should a failure oc-
cur, there would be a transfer of some functions from the pri-
mary computer to the back-up computer. Functions that are not
taken over by the back-up computer are halted. Table 1 shows
the division of tasks between computers. Figure 3 is a block
diagram of the on-board computer system (ref. 1).

If a function or element has an importance to the RPRV
such that its failure would result in loss of the wvehicle, it
is defined to be a flight critical function or element. Flight
critical functions or elements are dual redundant (i.e., on-
board microcomputers, electrical power system, and rudder and
elevon hydraulic systems).

Mission critical functions or elements are not essential
to keeping the wvehicle in flight (i.e., canards, ailerons, and
elevators). However, a failure of one of these functions or
elements, would constitute an immediate end té the research
mission and a return to base. Effective failure detection of
the mission critical functions or elements should prevent loss
of the vehicle. As an example, take the case of a failure in

a canard servosystem, the failure detection routine would:

1. Detect the failure
2. Begin the actuator locking sequence
3. Transfer control to the back-up computer

The back~up system would provide emergency return home

capability using an on-board autopilot. The flight critical
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PRIMARY COMPUTER

BACK-UP COMPUTER

MODE PROCESSING TASKS PROCESSING TASKS

primary f£light sensor data integrated propulsion

Primary control surfaces control system

Flight uplink information

Mode downlink information
failure detection

‘Back-up

Flight back—-up control surfaces

Mode back-up autopilot

reduced IPCS
sensor data

TABLE 1

MAJOR FUNCTIONS OF THE PRIMARY

AND BACK-UP COMPUTERS IN THE PRIMARY AND BACK-UP CONTROL MODES
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control surfaces (elevons and rudders) would be used to con-
trol the HiMAT RPRV back to a lékebed landing. The pilot can
control the altitude variations, directions, and speed using
discrete commands. The canards, ailerons, and elevators are

hydraulically locked at a predetermined position.

Simplex servosystems. - The ten control surfaces of the
HiMAT RPRV are‘positioned using hydraulic servoactuators. The
mission critical surfaces (canards, ailerons, and elevators)
have a single hydraulic supply and input. This is defined to
be a simplex servosystem. Except for the elevator, which has
a higher force output requirement (tandem actuator), they have
a single actuator. This is shown in figure 4 which is.a sche—
matic of the simplex servoactuator. The control surface char-
acteristics are shown in table 2. Notice that the canards
can move symmetrically or antisymmetrically, but not combined.

Uplinked pilot commands are converted from a digital sig-
nal to-an analog signal and fed to the commanded surfaces.

The simplex servosystem is illustrated in figure 5 with a
block diagram (ref. 3). Table 3 gives the corresponding gain
values. The servoamplifier sums the command and feedback in-
puts and supplies a proportional ocutput current to the electro-
hydraulic servovalve (EHSV). The EHSV controls the fluid flow
rate to the actuator (ref. 4). The actuator provides the
force output to move the control surface to the commanded
position. The surface deflection rate is determined by the
characteristics of the EHSV and actuator. Position feedback
is derived from the output of the linear wvariable~differential
transformer (LVDT) (ref. 5). The iron core of the transformer

is attached to the actuator ram (see figure 4). The LVDT pri-
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AILERONS CANARDS ELEVATORS
Servo- single input single input single inﬁut
Actuator single actuator | single actuator [tandem actuator
type
Surface antisymmetric antisymmetric symmetric
deflection or
symmetric

Maximum 90°/sec 90°/sec 90°/sec
surface
rate
Location on outboard forward inboard
the vehicle wing control wing

surface surface surface

TABLE 2

14
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Symbol Canard Ailercn Elevator Units
Gy 0.636 0.636 1.503 in3/sec-mA
Gp 0.909 0.909 0.455 in 2 ’
Gy 6.969 6.969 8.621 mA/Vpe
Gg 2.919 2.919 2.919 Vac/in
G 3.824 3.824 3.824 Vpc/Vac
G 12.346 12.346 10.471 mA/Vpe
G11 39.72 39.72 34.13 Deg/1in
I +4.0 +4.0 +4.0 mA

+0.870
Xy +0.503 +0.503 -0.595 in
R 2.312 2.312 2.733 in/sec
Ve +10 +10 +10 VDC
+30
8¢ +20 +20 -20 Deg
Vm +5.60 +5.60 +8.176 Vpe
G, - EHSV Gain G;; - Linkage Gain
Gp - Actuator Gain 1, =~ Command Current Limit
Gy - Command Gain Xy - Ram Stroke Limit 1
Gs - Ram LVDT Gain Ry =~ Ram Rate Limit Gy = GAEg]
Gs - Ram Demond Gain Ve - Actuator Command
G7 - Feedback Gain 8§ -~ Surface” Position &g}+—TED
Vm - Ram LVDT Monitor ~-—TEU
TABLE -3

SIMPLEX SERVOSYSTEM GAINS AND SPECIFICATIONS

.16




mary winding is excited by an oscillator as the actuator
ram changes position (causing an accompanying change in the
surface deflection). The iron core movement causes a change
in the amplitude of the induced voltage in the secondary wind-
ings. This signal is demodulated and fed back to the servo-
amplifier. The demodulated signal is also picked off and con-
verted to a digital signal for use in the CSCM failure detec-
tion scheme. Command signals sent from the primary micro-
computer and monitoring of the LVDT output occur at a rate of
53.33 hertz (18.75 millisecond cycle time). The command in-
put will be a series of steps. The output of the LVDT demod-
ulator will also appear to the computer as a series of steps,
due to the sampling effect.

The simplex servosystem frequency response should be
flat out to about 13 hertz under no-load conditions for move-
ments up to thirty percent of full actuator ram stroke. The
load frequency response specifications for displacements of up
to ten percent full-stroke and thirty percent of maximum rate
are listed below (ref. 3)

Attenuation - Less than +2 or -3 dB out to 3 hertsz
Phase Shift - Less than 30 degrees out to 3 hertz

The servosystems will be operating under loaded condi-
tions a majority of the time. The potential for a problem in
the CSCM exists during flight due to aerodynamic loading of
the control surfaces. This is because there are conditions
in the flight envelope where the loading on one surface may
be different from the loading on the opposite surface. This
would mean a difference in response characteristics and thus,

a chance for an error between corresponding surface position

17



indications. The failure detection system design must take
this into account.
Failure Detection
The following subsections describe the design approach
for the CSCM failure detection scheme. A general description
of how it works, design constraints, and possible sources. of
error are given.

Design approach. - With the requirement that a single

failure shall not result in loss of the wvehicle, flight crit-
ical elements or functions must have a failure detection tech-
nique and back-up system. Mission critical elements or func-
tions must have a failure detection technique that not only
detects the failure but provides a return to stable flight
(ref. 2)}. This is why the canards, elevators and ailerons

are designed to move to a locked position after a first fai;-
ure.

The failure detection and corrective action must be de-
signed to respond quickly because of the fast response of the
actuators and the vehicle. The actuators can move the con-
trol surfaces at a maximum rate of 90 degrees per second.
Likewise, a failed servosystem could move the control surface
at the maximum rate. It is possible, however, that a control
surface could fail at the maximum rate while the surfaces are
responding to a command signal. The resulting error rate be-
tween corresponding surface positions would exceed 90 degrees
per second.

Functional description of the cross-ship comparison mon-

itoring. - The failure detection fethod for the canards, ail-

erons, and elevators uses the fact that these surfaces move

-18



either symmetrically or antisymmetrically. A comparison is

made between respective right and left surface deflections.

The on-board microcomputer monitors the comparison teo deter-
mine the integrity of the aileron, canard, and elevator con-
trol surfaces.

The dc voltage output, from the actuator ram LVDT demod-
ulator, proportional to the control surface position, is con-
verted to a digital value (ref. 6). The microcomputer sums
the values of each side, as in the case of the ailerons, to
determine an error value. Because the cénards move either
antisymmetrically or symmetrically, depending on which mode
they are in, the difference or sum of the surface positions is
used. The error value is compared to the predetermined thres-
hold value stored as a constant in the computer. Should the
error value exceed the computer limit, a failure would be de-
clared and an immediate switch to the back-up mode initiated.

The on-board microprocessor samples and processes the
surface position information of the ailerons,lelevators, and
canards 53.33 times a second. The LVDT demcodulator output
voltage is converted to a 12 bit digital word. Since the de-
modulator voltage range is plus or minus 5.62 volts and the
A/D converter is a plus or minus 10 volt type, the full A/D
converter is not used (ref. 4).

A digital word representing a control surface position on
one side 1is updated by the computer. Twenty-five microseconds
later the opposite side is updated. This is done just prior
to the output of a command signal so that any servosystem

transients from the previous cycle will have died down. The

19



two double precision words representing corresponding surfaces
are added or subtracted. The resulting quantity represents
the error value between surfaces. The most significant eight
bits are compared to the threshold constant stored in the com-
puter. If the error value exceeds the threshold wvalue, the
‘resulting switch to back-up is initiated and the control sur-
face lock-up sequence begins. The lock-up seguence and res-

pective time delays are as follows:

1. Switch relay to de-energize solenoid - 15ms
2. De-energize locking solenoid - 20 ms
3. Hydraulic lag before check valves seat and ram

begins to move to the lock-up position - l5ms
Thus, the total transfer delay before a failed actuator be-
gins moving to the lock-up position is 50 milliseconds. For
the case where one surface is fixed and the other is failing
at the maximum rate of 90'degrees per seceond, the total trans-
fer delay translates into an error between surfaces of 4.5
degrees. Therefore, the threshold walue should be selected
such that an additional error of 4.5 degrees would not ex-
ceed the safe limit.

Design Constraints on the crosg-ship comparison monitor-

ing technique. - The error between ailerons, canards, or ele-

vators allowed before an unrecoverable f£light condition occurs
is seven degrees, ten degrees{ and seven degrees, respectively.
These values were determined based on simulation studies and
on analysis of the effects for the case of one control surface
fixed and the other failing hardover (90 degrees per second).
However, it is possible for a failure to occur during posi-
tioning of the surfaces. This could result in an error rate

of greater than 90 degrees per second.
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There is a design compromise between the allowance of
false failure indications, and the risk of losing the vehicle
in the event a failure goes undetected. False failure indica-
tions, termed "nuisance trips", are very detrimental to the
research mission because of considerable overhead involved in
é single mission and the delays involved in troubleéhooting
the cause of the nuisance trip. Determination of -a computer
threshold value involves design trade-offs.

Two cases will be considered and the computer threshold
values that are appropriate determined. The first case as-
sumes the good control surface is fixed at some position when
the opposite surface fails. The maximum error allowed before
initiation of the lock-up seguence (8,) is the difference be-
tween the safe limit allowance'(es) and the error accumulated

due to the total transfer delay (64g).

g = t¢ X é
8y = 85 ~ 83

To assure that the lock-up sequence begins some time before
the error reaches 0,, the worst case should be assumed. This
means that the gquantization error due to the aﬁalog-to—digital
conversion is at the maximum and the sampling instant is the
one least desirable. The quantization error is equal to the
amount of control surface deflection represented by the least
significant bit. For the CSCM technique, the comparison error
value is represented by an eight bit digital word. The gquan-

tization error in degrees is therefore,

_ n
Gq = Gfs /2

21



It

where, 8 full surface deflection range

£s

n = number of bits used in the comparison
to the threshold value

Thé least desirable sampling instant is at a point immediately
before the error value reaches the computer threshold limit.
The coﬁputer will not detect a failure until the next sample
ﬁeriod. 'Therefore, the error accumulation in one sample per-
iod (1/Rg where Ry is the sample rate) at the specified error
rate (é) is

6gr = 6/R,
Thus, the computer threshold limit (8¢) together with the .
quanfizatiOn (eq) and sample rate error (6g,) should be less
than the maximum error allowed before initiation of the lock-
up sequence (eg) or:

8y = 0y = €5y = Og

Figure 6 illustrates the error rate between surfaces, the
worst—case guantization and sample rate error, and the re-
guired threshold limit.

The second case is that in which the good control surface
is not fixed, but moving in such a way so as to produce a
greater error rate than 90 degrees per second. The error rate
(é) is now equal to the sum of the failed surface rate (éf)
and the commanded surface rate (éc),

6 = 8g = 04

The computer threshold limit is calculated as described in the
first case. Table 4 gives the computer threshold limit values

for the canards, ailerons, and elevators for the 90 degrees
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CANARDS

ELEVATORS

AILERONS

ERROR RATE
(DEGREES/SEC)

90 85

20 95

90 95

INITIATION
POINT OF
LOCK-UP

°

2.5 2.25

2.5 2,25

TRANSFER
DELAY ERROR
(DEGREES)

s

4,50 4.75

SAMPLE RATE
ERROR
{(DEGREES)

BSI‘

1.69 1.78

QUANTIZATION
ERROR
(DEGREES)

8
g

.16 .16

.20 .20

.16 .16

SAFE LIMIT
(DEGREES)

°s

10 10

COMPUTER

THRESHOLD
LIMIT
(DEGREES)

O

3.65 3.31

0.69 0.35

TABLE 4

SUMMARY OF PARAMETERS USED IN

DETERMINING CCMPUTER THRESHOLD LIMITS
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per second error rate case and for a 95 degrees per second
error rate, illustrating the second case. It is evident that
the calculated computer threshold limit for the elevators and
ailerons is cause for concern. The total transfer delay ac-
counts for a considerable amount of error. A reduction in
this delay would allow the computer threshold 1imit”t6 be in-
creased. This might be accomplished by using a different
switching relay to de-energize the locking solenoid. A re-
duction in the 20 millisecond de-~energizing time to 4 milli-
seconds may be possible with a resulting increase in the nec-
essary computer threshold limit (6{) of 1.44 degrees. The
availablity of the faster switching relay is not likely to be
a prceblem.

The sample rate error (8g,) is fixed because of con-
straints on the on-board computer loading. éince the compu-
tatidnal load is near the maximum, any additional increase
in sampling is not feasible. The gquantigzation error (Bq)
could be reduced if the full range of the analog-éo—digital
converter were used and the full 12 bits instead of the most
significant 8 bits were usea. This would increase the
computational loading to some degree, however, and the
elimination of this error may not justify the additional load
ing. The advantage of increasing the threshold limit is.the
buffering effect created. Errors due to nonidentical unfailed
servosystems are less likely to be a source of nuisance trips
if there is a sufficient buffer band.

Possible sources of comparison errors in unfailed servo-

systems. - Any characteristic which is not identical between
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corresponding servosystems is a source of comparison error.
For example, the gains of each component in one servosystem
may differ from those of the other servosystem due to manu-
facturing tolerances. In flight, the servosystem differences
might be caused by aerodynamic loading. Electrical properties
in corresponding components will be different. These tyées

of differences give rise to error sources such as EHVS thres-
hold error, servosystem hysteresis error and rate limit error.

LVDT demodulator ripple exxor. - Each servosystem LVDT

demodulator has a ripple signal superimposed on it. These
signals are from a single 1800 hertz oscillator and therefore,
4+hey will be in phase. As described earlier, the demodulator
output sampling for corresponding surfaces occurs twenty-five
microseconds apart.

Each right and left demodulator output is eqqal to the
sum of the dc voltage, Vg, and the approximately sinusoidal
ripple voltage, V,s5in(360ft). The frequency, i; is the oscil-
lator frequency and the ripple amplitude, Vi, is equal t6
0.0711Vol (ref. 3). The sampling time difference, with re-
spect to the error between demodulatér outputs, can be thought
of as a phase difference between corresponding right and left

demodulator output signals, Vpr and VpL,- Therefore, the right

and left demodulator outputs are,

Vpr, = Vo + Vgsin(360£t) (1)

Vpr = Vo + Vgsin(360f(t + 2.5 x 107°) (2a)
oxr,

Vpr = Vo + Vrsin(360ft + 16.2) (2b)

Two types of errors due to the ripple signal could occur.
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One type would be chéracteristic of the symmetrically moving
surfaces and the other would be characteristic of the antisym-
metrically moving surfaces.

Taking the case of the symmetrically moving surfaces, the
difference of the right and left demodulator outputs would be
determined in the on-board microcbmputer. All other.things
being equal (neglecting the analog-to-digital conversion ef-
-fects), the error value determined would be the difference in

the two ripple signal equations, 1 and 2b.

ripple error = Vgl%in(360ft) - sin(360ft + 16.2%
(3)
Figure 7a illustrates the error value for a plus 10 de-
gree surface deflection.
For the case of the antisymmetrically moving surfaces,
the right and left outputs have opposite polarity and so they
would be added to produce an error signal. The error value

would be the sum of equations 1 and 2b.
ripple error = VR[sin(BGOft) + sin(360ft + 16.2ﬂ (4)

Pigure 7b illustrates the exror value for a plus and minus 10
degree surface deflection.

The worst-case ripple erxror for symmetrically deflected
surfaces, deflected 20 degrees, would be significant. The
worst-case sampling instant would occur at a point in time
when the argument of the sine wave is at minus 8.1 degrees.
After a 25 microsecond delay, when the argument of the sine
wave is plus 8.1 degrees, the opposite position output would be

sampled. According to equation 3, the ripple error magnitude
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would be approximately 0.11 volts which corresponds to a false
error between surface positions of approximately 0.4 degrees.
This would be a potential source of nuisance trips because of
the comparable value to the computer threshold limit for sym~
mgtrically moving surfaces. A possible solution to this con-
dition would be to filter the LVDT demodulator output with a
low-pass filter to attenuate the ripple signal.

The worst—c?se ripple error for antisymmetrically moving
surfaces, deflecéed 20 degrees, would be more severe. The
worst—-case sampling is at a point.in time when the first sam-
ple is taken just before the ripple signal reaches a peak val-
ue. The first position output would be sampled when the sine
wave argument is 81l.8 degrees. After the cycle delay, the
opposite position output would be sampled, and again the
argument would be 81.8 degrees. Using equation 4 the ripple
error magnitude would be approximately 0.78 volts. This cor-
responds to agggise indication of approximately 2.8 degrees,
an excessive error. Again, a possible solution might be to
filter the LVDT demodulator with a low-pass filter to attenu-
ate the ripple signal, and thus, the error. Filtering, how-
ever, would involve additional hardware and analysis. This
presents a problem because of an already compacted hardware
arrangement.

For small surface deflections (less than one degree) the
guantization error masks the ripple error for both symmetric
and antisymmetric surfaces. increasing deflections cause the
ripple error for antisymmetric surfaces to dominate. The rip-

Ple error for symmetric surfaces is not a factor for a deflec-
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tion under 8.0 degrees, due to the guantization error.

The effect of the ripple error in both cases would be to
increase the probability of nuisance trips. For large sur-
face deflections and computer threshold values as calculated,
it is almost certain that a nuisance trip would occur. Filter-—
ing the demodulator output appears to be the most effective
solution to this problem.

COMPUTER MODEL

The advantages of using a computer program to model the
CSCM technigue are listed below:

o} Straightforﬁard implementation of nonlinear as

well as linear characteristics

o] Amount of error that each component variation con-

tributes is readily identified

O Servosystem changes can be made quickiy and easily

o Data can be easily formated for automatic plotting

The formulation of the FORTRAN program used for evaluat-
ing the CSCM technigque is discussed. The initial linear mod-
el is described after which the non-linear affects are added
and the resulting model described.

Linear lModel

A linear model was formulated to which other elements
were included to more closely represent the actual servosystem.
Once the servesystem was modeled the CSCM technigque was repre-
sented uéing two servosystem models. Ease of including non-
linear blocks was a design goal for the linear model. A
brief description of the servosystem and the characteristics

of the components are given. Simplifying assumptions and
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verification of the model performance is described.

Description. - The objectivé, when modeling the servo-

system and subsequently the CSCM technigue for failure de-
tection, was to match the model behavior as closely as pos-
sible to the physical system behavior, within the anticipated
operating fange. For the physical system with command signal
frequencies of up to 13 hertz, the unloaded servosystem re-
sponse was very near that of an ideal low-pass filter (ref. 3).
The servosystem actuator dynamics contribute a closed-loop
pole at 13 hertz. The other servosystem elements have dynamic

response characteristics as follows (ref. 3):

Servoamplifier G ( 628 )
{(for signals up to " \s + 628

20% of rated output

current)
EHSV . ( 580 )( 5406 )t

Vis + 580/\s + 5406
LVDT Demodulator G 628
& \s + 628

The model of the servosystem was structured such that
each mathematical expression in the code corresponded to :':1
component of the ac?ual servosystem. Initially the inputs and
outputs were zero. One iteration of the code corresponded to
one time increment and dgenerated one set of output values. A
flowchart of the model is shown in figure 8. For the first
iteration the feedback value was assumed to be zero. The in-
put to the EHSV block was then equal to just the command am-
plifier output. As outputs were calculated, the input to the
next block was set equal to the output of the preceding block.

The loop was closed after the first iteration because the
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error signal value (the input to the EHSV for the next itera-
tion) was the difference between the command amplifier output
and the feedback amplifier output (see figure 5). In the
physical system the LVDT demodulator is reverse polarity with
respect to the command signal. The FORTRAN model of the .LVDT
demodulator output had the same polarity as the command sig-
nal for convenient analysis.

The modeling of the CSCM technique was made up of two
servosystem models to represent the canard control surfaces.
This was designed to allow one servosystem model to have nom-
inal gains according to table 3 and the other to be varied,
for sensitivity test purposes. The resulting error between
the two models was of interest in determining the effects of
disproportionate servosystems. The same command value was ap-
plied to each servosystem. The output values of each LVDT de-
modulator block were converted to the equivalent control sur-
face deflection. The first servosystem model cqyresponded to
the right control surface. The error value bétween surfaces
was the difference of the left surface from the right surface,
where the left surface corresponded to the second model. The
appendix contains a computer listing of the FORTRAN program.
F%gure 5 shows a block diagram of the servosystem and CSCM
method.

Simplifying assumptions. — A reasonable assumption con-

cerning the frequency of the command input signal was that it
would not be higher than 15 hertz. It follows that the EHSV,
the LVDT and LVDT demodulator, and servoamplifier dynamics

would cause negligible attenuation and phase shift. These
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elements were modeled as pure gain eleménts. The actuator was
conveniently modeled as an integrator and implemented in the
digital pregram using the bilinear transformation expression

(ref. 7,8). For the Kth iteration,

output, = outputy_y + T/2 (inputy + input x_;)

where T is the sample period, that is, the time between itera-
tions and was nominally 0.2 milliseconds, 5000 hertz itera-
tion rate. To obtain sufficient accuracy using the bilinear
transformation expression for the integrator, the sample fre-
gquency was set much higher than the first-order pole of the
model (greater by a factor of ten or more). The past input
and output values were updated with each iteration.

Verification. — The CONTROL digital computer program

(ref. 9), a program for analyzing linear continuocus systems,
was used to verify that the discrete model was an accurate
representation of the linear first-order model of the simplex
servosystem. Time history responses, of the control model and
the discrete model, were compared. There was no detectable
difference. The CSCM model was also verified by using two
servosystem models in each preogram to simulate the CSCM. In
both programs the difference of one servosystem monitor output
from the other was computed to give an error value. The mod-
els corresponding to the right servosystem in each program had
equal gains and the models corresponding to the left servo-
systems had equal gains but the right and left sides were un-

egqual. As can be seen in figures 9%9a and 9%b, for a step input

and a sine wave input, the discrete model compares very close-
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ly to the linear continuous model.
Non-linear Model

The following subsection describes the non-linearities
that were added to the linear model.T The origin of these non-
linearities and the likelihood of any contribution to the
error between unfailed actuators is discussed. The assump-
tions that were made in implementing these characteristics
and the verification procedures are given.

" Description. - The non~linearities that were added to the

model are among the more common ones associated with servo-

systems. The non-lingar characteristics added were:

(o} EHSV current limiting
o EHSV threshold current
o Actuator ram position limit
o Total servosystem hysteresis

The EHSV provides the electrical-to-hydraulic interface
which controls the source of fluid power to the hydraulic act-
uator. The EHSV rated current range changes the fluid £flow,
to the actuator, from maximum extension control fiow to maxi-
mum retraction control flow. The servoamplifier supplies cur-
rent to the EHSV within the specified range, plus or minus 4
milliampheres (ref. 3)

The EHSV threshold current non-linearity is essentially
a characteristic produced by the static friction of the slig-
ing valve. The specified threshold value was determined by
the manufacturer during quality assurance tests. The curreht
increment required to reverse the EHSV from a condition of in-

creasing output was measured. The current was changed at a
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a rate below that at which dynamic effects were important.

The actuator ram position limit is the maximum extension
or retraction distance from the null position. For the CSCM
model the full stroke (F.S.) of the actuator ram was approxi-
mately 2.56 cm (ref. 3). The position limits were plus and
minus one half of this amount.

The actuator ram rate limit is the rate at whié¢h the ram
can extend or retract under no-load conditions with maximum
control flow from the EHSV. The rate limit is dependent on
the properties of the other components in the loop. A change
in loop gain may affect the rate limit as will a change in the
maximum control flow from the EHSV. The current limit imple-
mentation was in effect a rate limit since a decrease in the
current maximum output would decrease the control fiow maxi-
mum output. The actuator ram rate limit used was 5.87 cm per
second (ref. 3).

The total servosystem hysteresis is defined as the maxi-
mum difference in command voltages required to produce the
same actuator ram position during a single cycling of the com-
mand voltage. This cycling is done below the rate at which
dynamic effects are important. The hysteresis non-linear
characteristicis produced by the combined effects of the EHSV
threshold and electromagnetic characteristics, and the static
friction of the actuator ram.

Simplifying assumptions. — There were some general as-

sumptions made to simplify the implementation of the non
linear discrete model. Although a non-linearity in the phy-

sical system may be a function of several variables, in the
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discrete model each non-linearity was assumed to be only a
function of the input to that non-linear block. The linear
representation of each servosystem element was retained. For
example, in implementing the BHSV current limit characteristic,
the EHSV input value was tested to determine if it was great-
er than or less than the limit values. If so, it was set
equal to the appropriate limit value. The expression for
EHSV behavior was not affected, it remained a pure gain ele-
ment.

It was assumed that the non-linearities would be closely
approximated as ideal non-linearities. For example, the
total hysteresis value, as measured, might not be uniform for
the full stroke of the actuator ram in the physical system.
it was assumed to be uniform for the non-linear implementation
in the discrete model.

It was also assumed, for the discrete model, that hecause
the EHSV threshold produces a hysteresis non~lihearity in the
closed-loop response, the total hysteresis could be modeled
by adjusting the threshald value. The position limits were
included in the model. A difference in the position limits
would produce an error between surfaces only at the maximum
deflections. This effect was not investigated. A difference
in the current limits of the EHSV would amount to a difference
in the rate limit, which was investigated.

Verification. - The current limiter, and position and

rate limiters are shown in figures 1l0a and 1l0b, respectively.
The 10 degree command sine wave is shown in figure 1l0a along

with the resulting input current waveform of the EHSV which
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was limited to plus or minus 4 milliamperes. Figure 10b
shows the ram position and the maximum positive ram extension
of 1.28 centimeters and also the maximum extension rate of
5.87 centimeters per second for a 25 degree step command. The
threshold non-linearity is shown in figure 11 and hysteresis
non-linearity, resulting from the closed loop response, is shown
in figure 12. The horizontal axis is the input and the ver—-
tical axis is the output of the non-linear block. The non
linear block diagram is shown in figure 13. The inputs label-
ed N, and N, are points where noise was introduced into the
model.
COMPUTER ANATLYSIS

The objectives and procedures for the parameter sensitiv-
ity test of the CSCM technique are given. This test uses the
non-~linear digital model described in the preceding section.

Objectives

There were five main objectives in testing the sensitiv-
ity of wvarious éarameters in the CSCM technique

1. Determine the sensitivity of the error between
servosystem LVDT demodulator outputs to variations in the
values of the threshold and rate limit non-linearities.

2. Determine the effect of loop gain differences on
the error bhetween servosystems.

3. Investigate the effect typical system noise may
have on the error between servosystems.

4. Investigate the demodulator ripple, sampling time
difference, and digital-to-analog and analog-to-digital con-

version errors.
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5. Determine the total effect on the error value for
two servosystems with reasonable differences in characteris-
tics.

Using the data from the tests a judgement was made as to
the impact of nonidentical servosystems on the performénce of
the CSCM failure detection technique. Potential solutions to
problems that were evident were then formulated.

Test Procedure

The test objectives were met by varying the parameters of
interest and collecting data on the response of the CSCM error-
value. The input command for each case was a six degree step
command, a somewhat severe command but appropriate for the
test.

Loop gain variations. -~ In order to study the effect of

loop gain differences the gains of the left servosystem ele-—
ments were set to the nominal values (see tabkle 3). The right
servosystem loop gain was theh changed for each case by chang-
ing the dc gain of the actuator. The difference between the
two servosystem gains would most likely be less than six per-
cent. This is because the design specifications cite an over-
all system gain accuracy of plus or minus three precent for
the test. The right servosystem loop gain was varied from

80 percent to 120 percent of the nominal value in five percent
increments. The error magnitude, in degrees, for a step input
is shown in figure 14. Notice that for the higher than nomin-
al loop gains the error was zero for a time. This is due to
the fact that the rate limiter was holding both actuator rates

equal. Only when the actuators came off the rate limit was
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an error seen. For cases where the loop gain of the right
servosystem is less.than the nominal value, the rate limit is
less than. nominal. Therefore, the error varies according to
the difference between rate limits.

Rate limit variations. - The rate limit of the left

servosystem model was held at the nominal specification while
the right servosystem model had a rate limit variation froﬁ
90 percent to 110 percent in two percent increments. For one
case, the left servosystem was set at 110 percent while the
right servosystem was set at 90 percent of the nominal spec-
ifications. The eleven cases are shown in figure 15a. The
current limiter was excluded to allow excursions of the rate
limit beyond that fixked by the current limiter. When the cur-
rent limiter was included there was no 'error. The right
servosystem rate limit was set higher because the EHSV cur-
rent limit was already limiting the rate to the nominal value
in both servosystems. Figure 15b illustrates the result of
the same test cases with the current limits included.

EHSV threshold and total hysteresis. - The design spec-—

ifications for the simplex servosystems give an EHSV thres-
hold value and a total servosystem hysteresis value, 0.7 per-
cent and 0.15 percent of full stroke (F.S.), respectively. 1In
the servosystem model, the EHSV threshold non-linearity im-
plementation gives the hysteresis characteristic in the
closed-loop response. One set of cases was run using the

EHSV threshold specification for the left servosystem and vary-
ing the threshold value of the right servosystem in integral

amounts up to ten times the nominal valuwe. This set of cases
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is shown in figure l6a. Again, there was no error until both
servosystem models came off the rate limiters.

In order to model the total hysteresis, the threshold
value of the EHSV was set to give the nominal hysteresis value
for the left servosystem while the right servosystem was
varied in integral amounts up to ten times the nominal value.
Figure l6b shows the test results for & six degree step input,

Servosystem noise. - The effect of various types of noise

on the error between servosystem models was investigated using
a software pseudo-random noise generator. The noise signal
was introduced at the EHSV input and at the demodulator out-
put. Two cases using a different level of noise in each case
were run for both noise input points. For the EHSV input, the
noise level in each case was 0.1 percent of the maximum signal
input (4.0 mA) and 3.0 percent of the maximum signal input.
This is shown in figure 17a and 17b, respectively. For the
demodulator output, the noise level in each case was 0.1 per—‘
cent and 3.0 percent of the maximum demodulator output (5.61
Vde) as shown in figure 1l7¢, and 17d, regpectively. The sam-
pled values of the output were shown in these cases illustrat-
ing the values the on-board computer would be operating on.

Combined effects. - The combined effects of the previous

sources of differences between servosystems were investigated.
The left servosystem was set to the nominal specifications and
the right servosystem characteristics were as shown in table
5. The resulting test plots are shown in Figure 18a-d.

Ripple error and sampling time differences. - For these

test cases the demodulator ripple is added to the dc wvoltage
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RIGHT SERVOSYSTEM
CASE 1 CASE 2 CASE 3 CASE 4
Loop gain 97% 99% 97% 99%
Rate limit 95% 99% 95% 99%
Threshold 95% o99% 95% 29%
Hysteresis 895% 99% 95% 99%
EHSV input noise 2% 1% - -
demodulator

output noise 2% 1% - -

LEFT SERVOSYSTEM

CASE 1-4

Loop gain 80
Rate limit 5.87 cm/sec
Threshold 0.7% of F.S.
Hysteresis 0.04% of F.S.

EHSV input noise

Demodulator output noise

SUMMARY OF SERVOSYSTEM CONDITIONS FOR

INVESTIGATION OF COMBINED SERVOSYSTEM DIFFERENCES

TABLE 5
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output according to equationé 1. To simulate this sampling
time difference in the CSCM model, the ripple signals for each
side are set out of phase by 16.2 degrees. The input command
signal is a se;ies of step inputs held to the command input
rate limit of 100 degrees per second and with a final value of
six degrees. The demodulatof output samples are shown along-
with the actual waveform. The symmetric case is shown in fig-
ure 19a and the antisymmetric case is shown in figure 19b.

The ripple waveform shown has a much lower fregquency (ninth
harmonic) because of the iteration rate (1000 sps). It serves

to illustrate the amplitude, however.

" COMPUTER ANALYSIS RESULTS AND DISCUSSION

The computer analysis provided information as to the rela-
tive contribution of the possible error sources (loop gain,
rate limit, threshold and hysteresis, system noise, and demod-
ulator ripple) to the amount of detected error between servo-
system position monitors. The error magnitudes, for test cases
with varying differences between right and left servosystems
(as shown in table 5), provides an estimate of the integrity of
the CSCM failure detection method. That is, the likelihood of
nuisance trips, for the computer threshold limits of table 4,
may be hypothesized, ‘

The loop gain variations shown in figure 14 indicate that
the worst-case difference of six percent would contribute a
peak value of approxzimately 0.3 degrees to the error. For the
canard threshcld limit of 3.65 degrees (assuming a maximum of
90 degrees per second error rate), this error would not contri-

bute significantly to the likelihood of a nuisance trip. For
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the aileron and elevator threshold limits of 0.65 and 0.6% de-
grees, respectively, a 0.3 degree contribution to the error
value would increase the likelihood of a nuisance trip consid-
erably. The loop gains should be matched as closely as possible
to minimize this error contribution.

A difference between servosystem rate limits has the same
effect, on the error value, as does differences in loop gains.
Figure 15a and 15b illustrate the type of error fesponse for a
six degree step command. The maximum rate is dependent on the
loading of the hydraulic actuator, in the physical system. For
asymmetric aerodynamic loading on the control surfaces, the
computer analysis indicates that the error rate varies accord-
ing to the difference hetween right and left surface deflection
rates. Thus, for a difference in surface rates of twenty~five
percent and a six degree step command, the maximum error would
be approximately 1.25 degrees. This would cause a nuisance
trip in the aileron or elevator servosystems. Such an
asymmetric load would be likely only for antisymmetrically mov-
ing surfaces.

The loop gain and rate limit analysis results may be summar-
ized as foilows. For each percent difference in loop gain (re-
presenting a static error) or rate limit (representing an error
due to asymmetric loading), an error of approximately 0.9 de-
grees will be contributed with each second the surfaces are
commanded at the maximum rate. Whichever factor is larger
should determine the error contribution.

The error contribution due to differences in the threshold

non-linearity {shown in figure l6a) is insignificant for dif-
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ferences of as much as 500 percent. Hysteresis differences of
as much as 300 percent were also shown to have a negligible con-~
tribution to the error (shown in figure 16bL).

The effect of noise -in the system due to the EHSV is shown
ip ﬁiéures i7a and 17b. This noise could be from the environ-
'ﬁént or it could be thought of as state noise resulting from
the unmodeled characteristics of the servovalve. The effects
were attentuated by the actuator. The curve resembles the
curves for differences in rate limit because in the model the
noise was added to the EHSV input. This resulted in a laxrger
tﬁan 4 milliampere input current and thus a larger control flow.
Looking at just the amplitude of the error curve gives a more
realistic view of the effect of noise sources in the EHSV. The
effect on the error for a three percent addition of random
white noise appears to be negligible.

The error contribution from neoise introduced at the demodu-
lator output is shown in figures 18a and 18b, This is a sigﬁi-
ficant problem for the CSCM method because agy nonidentical
sigﬁals introduced at this point directly affects the error
magnitude. This has already been illustrated by the problem
associated with the demodulator ripple. An average difference
in the demodulator outputs of 3.0 percent due to system noise
results in an error that approaches 2.0 degrees. Filtering of
the demodulator output will attenuate the high frequency noise
but a compromise would have to be made in choosing the cut-off
frequency. The actual position information could not be atten-
uated which would result iﬁ selection of a filter cut-off fre-
gquency that would not attenuate low frequencies. The extent
of the noise problem would most effectively be determined by
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actual ﬁeasurements on the vehicle servosystems.

The combined effects are shown in figures 18a-18d. The de-
modulator noise overshadowed the error contributions from other
sources. The error contributions in the physical system will
not élways be additive as was the case in these tests. This
set of tests was a worst-case situation which used a range of
differences that could be expected in the servosystems. The
elevator and aileron servosystems with nominal computer thres-
hold limits of 0,69 and 0.65 degrees, respectively, would be
likely to cause a nuisance trip under the conditions of test
case 1 or 2. The two canard servosystems could be very unlike-
ly to cause a nuisance trip in any of the cases because of the
wide buffer band created by a computer threshold iimit of ap-
proximately 3.65 degrees.

The effect of the demodulator ripple voltage was analyzed
previously for the symmetrically and antisymmetrically deflect-
ed surfaces. The two test cases are shown in figd?gg 19a and
19b, respectively, for a sampled, rate-limited command of six
degrees. The sampled command input doés not appear to have a
significant effect on the servosystem or the error value. The
error magnitude for symmetrically moving surfaces, approximate-
ly 0.1 degrees, would be of some concern in the case of the
elevators because of the small threshold limit and the result~
ing small buffer band. In the case of the antisymmetrically
moving surfaces, the error magnitude of approximately 1.0 de-
grees would be critical for the ailerons since it exceeds the
computer threshold limit. The nearly 25 percent decrease

in the width of the canard buffer band would be undesirable
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although it would be unlikely to cause a nuisance trip in itself.
As mentioned earlier, filtering the demodulator output will re-
duce the ripple voltage error.

The modeling of the CSCM methodlmight have been more precise
had the higher-order dynamics and other possible non-linearities
been included. The most probable servosystem variations in
characteristics were not known which resulted in somewhat
arbitrary choices for the ranges used in the computer analysis.
The trends of the sensitivities to various differences, how- -
ever, were clear. The probable effect of system noise was dem-
ocnstrated but the choice of the magnitude was arbitrary. The
amount of noise in the servosystems would best be determined by
neasurement of the physical system. The computer analysis re-
sults could then be used to approximate the error magnitude.

The expected error contribution from each- error source is sum-
marized in table 6. '
CONCLUDING REMARKS

The investiagtion of the cross-ship comparison monitoring
(CSCM) method of failure detection revealed several problems
associated with the technique. The selection of the appropriate
computér threshold limit involves a trade-off between the pos-
sibility of a nuisance trip and the assurance that an actual
failure will be detected in time.

There are several error sources which, if decreased or elim-
inated, would lessen the likelihood of a nuisance trip. These
possible errors, due to differences between corresponding right
and left servosystems for the canard, aileron, and elevator con-

trol surfaces, are as listed:
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ERROR SOURCES APPROXIMATE ERROR AMOUNTS OF
CONTRIBUTION DIFFERENCE BETWEEN
SERVOSYSTEMS
Loop gain or 0.9 deg/second at 1%
rate limit maximum surface
rate
Threshold 7 x 1073 deg 1%
Hysteresis 2.6 x 10—4 deg 1%
EHSV input -3
noise 2 x 10 deg 1%
Ripple voltage -
for symmetrically 0.02 deg/ deg of 0%
deflected deflection
surfaces
Ripple voltage
for anti~
symmetrically 0.14 deg/deg of 0%
deflected deflection
surfaces
TABLE 6

SUMMARY OF ERROR SOURCES AND THE RELATIVE CONTRIBUTIONS FOR

A 1% DIFFERENCE BETWEEN SERVOSYSTEMS
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o Ripple voltage on the demodulator output.

©o | Electrical noise on the demodulator output.

o Asymmetric loading of the antisymmetrically moving

control surfaces.

o Nonidentical loop gains.

The ripple voltage and electrical noise on the déﬁodulator
output signal could be attenuvated by filtering the demodulator
output. The low-frequency noise would still be present, how-
ever.

The problem due to asymmetric loading of the antisymmetrical-
1y moving{surfaces could be a severe problem and should be ana-
lyzed further.

Nonidentical loop gains may be adjusted by changing the gain
of the feedback amplifiers. Sufficient differences in the hy-
draulic components may require replacing the EHSV and servoactu-
ator in one servosystem.

The likelihood of a nuisance trip may also be decreased by
increasing the computer threshold limit, Decreasing the trans-
fer delay time by using a faster switching relay for the lock
up solenoid would allow a larger computer threshold limit to
be selected. The selection of the computer threshold limit de-
pends on the anticipated error rate. The error rate could be
greater than or less than the maximum surface rate. The error
rate, to some extent, depends on the commanded surface rate at
the time of the failure. Therefore, the threshold limit should

be chosen with the recognition that the error rate is dependent

on the f£light condition at the time of failure.
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APPENDIX

CSCM COMPUTER MODEL

PROGRAM LISTING
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00 101 I=1,2
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ACT1L IS THE PREVIOUS ACTUATOP OUTFUT. THIS
SET OF VARIABLES IS FOP THE DILINFAR TRANS-
FORM QF THE INTEGRAFIR.

ACTINPIINI=040
ACTL{ I} = Q.
101 CONTINUE

THERE ARF TWO SERVOSYSTEM LOCFS IM THIS
HODEL. LCDP 1 FECPRESINTE A FIGHT AILERON
0% CANARD, LCNP 2 RIPIESENTY THE LEFT. ALL
CHANRES IN THF FFIVISYSTEM CHARACTEFISTICS
ARE PEPFOPMED ON THD RIGHT SUFFACE HITH THE
LEFT ACTING AS & FEFERENCE F CONTROL.

ALTHCUGH THE SIGNAL IN THE PHYSICAL SYSTEH
IS TRVERTED AT THE LVDT AEMOCLLATCR THE
MOGEL DCES NMOT INVERT THE SIGNAL UNTIL THE
SUMMING JUNCTIOM TO PICVIDE & CLEAR PLOT
PRFTENTATIONM,. '

HRITE(3,25)

25 FORHAT(/Z12X,® TIMZ* 10X o *¥COMPANG INPUT* 1 0%, YEFPOR GUTFUT® 4 15% %400
P 1% 12X *LOOP 2%y Z10X ¢ *(SELI* 413X * {DEDY %410%,* (DEG)  # 413X,
had (CEG) *4A%,"* {DEGY  *r7) .

USING THE SUSSQUTING INFUT A CCMMAND INPUT
IS REMEFATEN,

CALL TNFLT(YYIN)

. FTH &4, T+ 75060 05711778 12.11.00.

PAGE

3



LL

17

180

19

145

200

205

210

215

220

225

PROGIAM JXCC 73/74  0PT=1y ' FTH 4. 475060 05711478 12,11, 00, . PAGE

OOOONOQ0O00 [*RrE>] Ly < [y) [=X=>N>]

o0 Goagoaa

00

L2 N>R =]

111 HRITC(3 426 ITIHEWYY INLERRDF S YYOLTLLY ¥V UL (2)
26 FORHMATULOX4FL10.B0XoFll0ali ot TNy E1R06 ) ANGEL3aPabXELT, €D

OUT2T FILE FOR PLOT ROUTTML
WRITE LAY TTIME,) YYINYERPOPYYNUTE Dy ¥YYQUT LY *

ICHT = IGHNT + t
IFIICNT.EQ.HPYSIGOD TO 112

TIME = TIME & PERICD

GALL IMPLTLYYING

THIS £5 LOOP 1 CR T4E RIAHT CCNTROL SURFACE

I =1
ALL DALOGKS ARE TIEATED AS PUFE GAINS
EXGFET FOY THT ACTUAT)IR NLOCK,
SINFE THE INPNT IS SIVEN AS CEGREES YHE
VALUF TS OIVIOED 3¥ THO SINGE FCR A +20 DE-
GRES GLMMAND A 10 JOLTS SIARMAL MUST RE
ARPPLIED .

AMFIM(IY = YYINs2,
AMPOUTITY = AMPLIY * AMPIN(I}

EHSVIK(I) = AMPDJTHI} -~ FOGUT(D)

THRESH 1S THE SUBRQITINt FOF MODELING A
DEANARANC DR THRFSHOLD NONLINEZARITY. IN THE
CLOZED LOOP RESFOVSE DEADPAMD GIVES THE
HYSTERE {15 NOMLTHEARITY.

GALL THRESH(I«EHSVIN}
THESE THO LINES LTHIT THF FHEV INPUT GUPRENY

IFCEHSVIMIIVaLE«=b4 0VEHSVIN(TY = =40
IF(EHSAIMIIYoGE«Uo QVEHSVINII) = 4ol

EHSOUT(IY = EHSVIIY * EHSVINIIY}
ACTIN{I) = FHSIUTL(D)

ACTUATA® 15 MODCLID A3 AN THT tGRATOF

AGTQUTII) = ACTI(TY + ACTIMIY * ACUIY) ¢ PORIPD / 2,0
» + ANTINELIY * ACT(I} ¥ PFFIOC 7 2.0

THE RATC LIMIT SUIROUTIMF LIMITIS THE RaM
HIVFMENT TO 2.312 INL/SEC. AT SPECIFIED.

CALL RLIMIT(I,AGTQUT4ACTL,2FRICM

R ITIVRD ¥00d 40
g1 AOVd IVNIDOI¥O

4
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230

23

240

245

256

‘255

260

265

270

ez

2an

285

SROGRAM JXCC

[ X1 R+l

O OoO0O0000Gg0

L]

DOOn

Q00

F3/Ty oPT=1 v FYN ne2+¢75060 05711778 12.11.00. PAGE

.

THETE TWwC LINES AQE THF FOSITICh LIMITS FAP
THE AGTUATOR. .

IF(AGTOUT(I} GF. o SO03YACTOUT(IY = ,503%
IF(ACTCUTIINLEL~o 503 ACTOUTLIY = ~.503

LVOTIN(IY = ACTOUTID)
LYOOUT(I) = L¥ITIIY * LVOTIN{I)

DEMORIII} = LVOQUTI(I)
DEMOCCII) = ODEMOODIIY * DEMOITLTY

THE SUPFACE FISTTION AGGCORDING TO THE DEMOD-
ULATOR CUTPUT I3 GIVEN IN OLGPEES FCR PLOT
CLAFITY BUT ALSO T SIMULATC ®HAT THE ON-
BOARD CCMPUTER MISHT 3E SEEING WITH RESPECT

TO MOISE,
YYOUTH{I} = (DEMOARIIY * 39.72)/7{3EMODC(I) * LVYDT(IN)
FEEDIN(IY = DENMODNOLI)
FEOUT(IY = FEEI(IV * FEENIMI)

ACTINP(IY = ACTIH{I}
ACTL (I} = ACTOUTI(I?

THIS IS LOOP 2 OR THE LEFT COMROL SURFAGE

I =2

. AKFINIY = YYIN/2,
AHPOUT(I} = AHPII} * AMPIN(DIY
EHSVINIIY = AHPOUT(I} - FOOUT(I)

CALL THRESH [I,EHSVINY

IF(EHEVIM (I« LEa vl «DIEHSVINIT) = wb.0
IF{EHSVIMII}oGEah« DIFHSVENLTY = 440

EHSOUT{I) = EMSV(I} * CHSVIRIDY
ACTINIIY = FHSOUTID)

AGTUATOP TS MDDELESD AS AN INTEGRATOR

ACTOUT(E)Y = ACTOUT(L) + ACTIN(I) * ACT{I) * PERIOD / 2.0
»

4 ACTINFII) * ACTUI) ¥ PFRIOT /7 2.0
CALL RLIMIT(ILACTOUT,ACTL,PFPICM)

TIF(ACTOUT (I} GEwaSATNACTOUT (LY = 503
IF(ACTCUT (TN LEu=~o BOTYACTOUTII) = =,503

LYDTIN(I) = ACTQUTII} <
LVYOQUTHIY = LvaTin) * LvaTINGD

OFFODICIF = LVvOOUTII)
CEHODCII) = DEY0DLI) * DEMOILI)

YYCUTIT) = {DEMONN{I) ¥ 39,7237 10EM0DIT) ¥ LVODTA(LIN)


http:12.11.00

6L

290

295

300

208

310

PROGIAM JKCC T3/74 ° CPT=t

b1

OG0

oQc o

112

723

FTH &, ?+¢750640 05241/78 12.11,.00.

FEEDIN(IY = DEMDLRHLT)
FOOUT (X} = FEEALLY ¥ FEENIMTY

ACTINP{IY = ACTTU(I)
ACTL(I) = ACTOUTA(I}

TYE DIFFFIENGT TY THE THO MOKITOR GUTPUTS
IS GALRLLATED AMD ®PINTECG A “ERFOR.™

ERROR = ¥YYQUT(1} - YYOouT(2)
60 Te 111 '

CALL T0O PLOT 2JUTINE

CCNTIRUE

FEWINCG 4

DO 723 k¥ = 1,NCASES
CALL SCRIRL{KH)
GONTINUE

PEHIMD & .
CALL FLOT{DeyD 999
REHIND &

sTOP

END .

KIyIvad §00d I0
&1 AONd {IVNIDTEO

PAGE
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10

15

20

Q00

SO0O0

00

SUBROUTINE THRESH T3/74 0pr=1 FTN 4, 2475060 05/11/74

SUBROUTINE THRESH{J,VALUR)
OIMENSION VWALUE(2Y -
COHMCA TIFESNFTSITHSPEG(R )W RLSFECI2 ) 4HYSPEC{2} 4 NCASFES

STORE THE SIGN
IFIVALLE{J) LT 0,012 =1.0

IF{VALUF (J}eGEWD-0)1Z = #1410
DEAD = ABS IVALUETLIN

EIGHT MA TS THE FUL. STROKF FWING OF THE
EHSV TUFUT,

SPECE = 44 * THSPEC(J}

THE DEACRAND I3 A3DED OR SURT FACTED FROM
THE EH3v INPUT, ’

IFIDEADCGEJSPECSIVALUELIY = VALUS(J) ={7 * S%ECS)
IF(DEACLT.SPECSIVALUE(JY = 0.0

RETURN
END

12418014,

PAGE

1
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SUBROUTINE RLIMIT, T3/ gpPr=1

1t

15

QOoOoOonn

SUBROUTLIME RLIMITIIZ0OUTNUTL(PFRY

DIMENSION CUT(2),0UTL(2)

COMHON TIVEJNF15, THSPEC(2) ., FLSFEC(Z)
AY COMPARING THE SPECIFIED KATE LIMIY OF
2,312 INL/SEC. TO THE DELTA FOSITION IN ONE
PERION A LAPGER VALUE IS NECFEASED TO THE

SPECIFIED

SPECS = 2.312 * RLSPECID)

GG = (QUT{(I} = QJTL(I}I/PER

7 = 1,

TF{GGWLY ¢ 040322 = =340

IF({AESIGGY) «GTLSPECSIOUTIIY = SPECS*ZZ*PER+OUTLI(IY

RETURN
END

FEFIVOD ¥ood 40
BT @OVd IVNIOTYO

FIM 4, 2+75060 05/11/7A

12.114 17,

PAGE
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SUBROUTINE INPLY

10

15

-2l

o0 OO0

[-x . ] OG0

[z R> 2]

T3/774 QPT=1 FTN 4%.,7+759065 05/711/74 12.11.25, PAGE

SUBROUTIRE IMPLTIVALUE)
THIS I3 THE SUBROUTINE FOR THE COMHMAND INPUT
GCHMON TIME NPTS

IF{NPTS.GT L 00}VALUE

Bs

RANDCM KDISE +7ERQ HMEAN AND ETANDARD DEVIA-
TION ©F 1.0,

IFINPTSoLTW400)VALUE = GRANDCD)

IF{HPTS.EQ.40016D TO 2

GO 70 3
SINE WAVE OF Se0 DESREES 4 540 HZ.
THETA = TIME * 6.,2A8318 * ,25
VALUE = SIN(TFETA) * .06
CONTINUE
RETURN

END


http:IF(HPTS.LT
http:12.11.Z5
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SUBROUTINE ANOQISE 73774 CRT=1

10

15

Ooooo0 ono0

SUBROUTIAE ANOISE{GP N Xy MY}

PEAL MX

DIMENSION BP{Z2},VALUF(2)

COMHCN TIME+NPTSyTHSPEC(Z2)sRLSFEN{Z2),HYS2ES(2) 4 MCASES
GRAMD TS & WHITE NOISE GENEFATOR CF ZERO
HEAM A LNITY STAMDARD GEVIATIOM

VALUE{N) =GRAND DY
THE HCISE LEVEL IS SIVEN AS A PERCENT OF
MAXIHUM STGNAL LEVEL AT THE PCINT OF INTER=-
EST. THIS MUST RE PROVIDED AY THE USER.

BF{N) = VALUE(N) * 001 * KX + RPN}

RETYRN

END
88
%)
g
~ &
o =
SB

qj

gm
: 5

FIH 4,7¢75060 05711778

12.41411,

PAGE

1
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FUNCTION GRAMD

&3

Caeoe

(3]
.
-
.
-

OOO0QaIOOODaoOaOOooan

® % & = 4 & 8 g = 2

T3I/TH

opPT=4

FUNCTION GRANDINY

WRITTEN ©/22/75

ADAPTEN BY J BROWNLOW FROM

COMM OF; THE ACH

NECERATR 1974
‘VeL 17 NO. 12

SEAG

E 704

A MYERS ., NASA/FRG

ALGORITHM GAN

ROUTINE- RETURNS 9SEUD0 RANDCH NUMBER WITH
A GAUSSIAN DISTRIBUTION WITH ZERD MEAN A
STANDARD DEVIATION NF HNETY

HOTE: USES RANF TO SUPPLY UNIFORH PSEUDO

RANOCM HUMAER WITH UNIFOFM DISTRIBUTION

OVER THE RANGE 0 TO {.0

NOTEt REQUIRES ONE INITIALIZATION CALL

NGTE: N IS A DUMMY ARGUHENT

OIHENSION C(4R)
COMHON /GRANDS/ U

DATA. D7y  E74489750,
v "e2911L2027,
. wEL1B3LLE6,
* 173601500,
«150u093R 4,
«13LLLLTEZ,
+ 12261068 3,
113402359,
+ 10597677 2,
«CIGR2723
+094 627061,
+« 08015583 8,
Azl40
I=0
OOMTINUE
U=u+y
TF{U.LT.1,8)G0 Tp 2
U=t)=1.0
I=I+y
AzA=DIT)
GO T2 ¢
CCHTINUE
W=D (I+1}*V

V=H* (0. 5+ H=A}

CCNTINUE
U=rarF{d)

IF{V.LE4UYEO TO &

V=BANF(D}

IF{)GT. VIGO0 TO 3

U=tv=rs¢
G0 TO 2
CONTIAUE

1.0=-1}

U=(l=Vi/ {1.0=-\)

«HUT7THAGQET O,
« 267684122,
« 199924207,
«1hRALLA0 9,
« 14597 257 1,
«131172150,
« 1201013560,
f121402720,
+ 10‘633!”"!1'
093448242,
« 09344840 T,
« 083133867,

» 383771164,
» 242508452,
«1R9010758,
« 160796723,
141770033,
+12n125965,
147702707,
109503852,
102766012,
+ 097126309,
« 092331949,
088144619,

FTH L, 2+750640

+ 329611323,
122506ThLLL,
+1ALE25 181,
+15E8349717,
+137963170,
«125279090,
«11°51% 292y
+107697€17,
«101265052,
« 095051778,
1091215482,
« 0871872937

05711779 12+11.30.

GRAMD
GRAM)
SEAND
GRAND
GRAND
GRAND
GRAND
GRAN)
GRAND
GRAKD
GRAKD
GP AND
GRAM)
GRAND
GRAN
GRAND
6RAMD
GRAMD
GRAND
GRAM
GRAND
GRAND
GR AAD
GRAND
SRAND
RRARD
GRAMD
GRAND
GRAND
GRAM
GRAND
GRAND
GRAMD
GPARND
GRAM
GRAND
GRAKD
GRAND
GRAMND
GRAMND
GRAKD
GRANC
GRAMD
GRAND
GiRAMD
GRANG
GRAND
GRAMN
GRAND
GRAMD
GRAND
GRAMND
GRAND
GRAM
GRAMND
GRAKD

PAGE

1


http:12.21.30

a8

12114 304 . PAGE 2

FJNCTION GRAND 73/74 oPT=1 FTN 4, 7+75060 05711/ 7R
U=yl . GRAKD
' IF{U., LT« 1.0060 T2 & GRAMD .
UsU=1,.0 GRAMN
GRAND= =4 GPAN)
. RETURM GRAND
S GCNTINUE " GRAND
GRAND=A=W GRAND
END
ol
2 Q
32
® B
O
c
ol
B
v B
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10

15

-20

2%

30

k3

4

50

55

SUBROUTINE SCRIAL 73774 nar=1 . FTH 4,2+75060 05711/78 12.11,20, PAGE

oOooon

[+ Xy R~

[t Xz E-Rr]

ooaoQoo

177

SURRQUTINF SCREIAL (K}

CCHMOM TIFFyNFTS THEREG(?)4CLEFET(P) HYSPESIZY JHCA S

FEAL BUF {204R),T(1100) ,DDATA(LGO0),YIL 00D ), PL (1001 ,LP2(1G0D)
CIMENSION RITLE(GL) ySYORE(S( V45 (ADQ) 435(6D01,SSS (ARG, TTI60H)

CALL FLOTS(BUF, 2049, R)

GALL FACTORLZ,0/2.56}

CALL PLOT(Z2e+2asm31

‘DﬂN NITLEZLOHTIME HISTO 10HFY,SFC s10H  CATF NC,10H
4 .

THEIS TUEFZUTINE P.OTS VTHE COHRAMD INPUT,
THE LFFY AND FIGHT SURFACF MCVEMENTS AND
THE ERROR RETHEEN THE TWO VS FSUS TIHE.

ENCOOE(L 0,1 NITLELLNIK
FORMATIZ2Y s I2s 6%}

SET VARPTABLES FOR ILLUSTPATING THE SAMPLED
DATA EFFECT

IJ 1
II 1
S = 4,

P!

5S(1J}
SEStIJ
TTiY4) = @
00 777 J = 1.+ HPTS

READ(GIT O o Y LUV 4 DDATA L) 4L FLEJ)4LP 2L

n.
Qe
’

A SAMPLE ARQUND THE ACPROFRIATE SAMFLE TIME
IS TAYFN AND HELD TILL THE NEXT SAMFLE TIME

IFITE LT o (t1,/753.3}%1I11)6G0 TO 777
11= I+

IJ= 14+ 2

S{IJ) = DDATA LN
Sily=-1) = S(I4=2)
SS{IJd) = LFLLN
5S(TJ=1) = SS{IJ-2)
SSS{IJ} = LP2lJs
SS85(IJ-4} = SSS{IJ=2}
TTIIJY = TL)

TTII)=4) = T(Jel}
CONTINUE ~

THE CATA IS SCALED, SINGE A SCALE FACTOR OF
EIGHT IS UNIESIFAJLE IF IT SHRCULT AFPEAR
THE EIGHT SUBROUTINE CHANGE:Y THE SCALE
FACTCP 10 TEN,

CALL SCALE(CDATA,2.0+NPTS.1)
CALL EIGFT(DDATA.NPTS}

CALL SCALE(T.7.04NFTS,1}
CALL EIGHFTIT,NFT3)

CALL SCALE(Y,2.04NPTE41)
CALL EIGHT{Y,NPTS)


http:t2.11.20

L8

I1TVAD ¥00d I0
OVd {IVNIOIHO

SE

!

2]

85

98

1068

105

110

SUBIOUTINE SCRIAL 73774 0pT=1 FIN u.?#7506¢C 05/41/79

OOaN0o

[x X< Nr)

[ R RNl

QO 00 O OO0

O Oan oo

(4] xR+ Ny]

CALL SCALE(LP1,2.0,,NPTS1)
CALL SCALE(LF24240sNPTSe1)
CALL EIGHTILP2+NFTS)

THE SCALE FACTOFS AND STARTING VALUES FOR
THE SAMFLED FOINTS ARE TRANYFERRED TO THE
RESPEGTIVE ARRAYS, -

TTEIJ41) = TLHPTS#+1)

TT(II42) = TUNPT3+2)

S{IJ+1) = CDATALNPTS+1)

S(IJ+#2) = CNDATA{NPTS+2)

SS(IJ41) = LPLIN2TS+1)

SSIIJ42) = LPL(NPTS+2)

ES5UIJ+1) = LPZINPTS+1)

SS55(Ig+2) = LP2INPTS+2}
TIME AX 1S

CALL AXIS {0 w(0aoNITLE)~404740404s T(NPTS#L1,T (NPTT42))

CALL PLOT(U..?.S.—S!
ERROR A¥IS

GALL AX90 (0a4y40.4"ERROP,DEG Pe+12424 049049y DOATA(NPIS+1),DDATAINP
*TS+20) ’

ERRO® PLOT
CALL LINE (T,DDATA,NPTS 1, 040)
CALL LINE[TT,S¢Tdyte0,0) SAMPLE RATE EFFFCT
CALL PLOT (0,422,540} oo
’ COMMAND AXIS
CALL AX90 (Day0ss™COMMANDLDEG *y #130240y 904 sV INFTSH1), Y INPTS+2))
COVHAND PLOT

CALL LINE (TyYiNPTSs140401
CALL PLOT{O0sy =245y =3)

RIGHT SURFACF AX1S

CALL AX90{0s900s™RT+DEG" s 4542. CoO90+yLPLINPTS¢13, LPIINPTS ¢2)}
RIGHT SULRFACE PLOT

CALL LINE{(T+LPLy4PTSs140, 0}

CALL LINE(TT,S541Jd41,+0,0}
CALL PLOT (Qsy =245 =31

SAMPLE RATE EFFFCT

LEFT FURFACE AXIS

CALL AXG0 (DayDes™LTyDEG™y 460 24 04904 ,LO2{NPTS+LY 4 LP2(NFTS 421}

12411420,

PAGE
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SUBROUTINE SCRIAL 73/74, 0°T=1 Fil 4.2%75060 05711778

11%

120

125

13

135

L

145

Saooa O oo

oD

LEF™ SU-FRAGE PLGT

GALL LINEITHLIP2,4PTS1,4040)
CALL LINF{TT+855,IJs140,0)
CALL SCALE(DDATA.2 .B+NBTS,1)

SAMPLE RATE EFFECT

CODF T ARRANGE SSALE FACTORS FGR A CUMULA-
TIVE FLCT OF THE TRROX DATA DF ALL CASES
STORE{K) = DDATAINPTS+1)
CALL SCA{E(DDATA,2,0,HPTS,~1)
STORE(K*2) = DDATA(NFTS41}
IF(X. }ELNCASESICD T0 S
CALL SCA (E(STORE, 9.5 . NCASES*Z, 1}
CALL EINFT(STORE, (HCASES*2})
DDATAINPTS41) = STORFINCASUS*2+1)
DDATAINPTIS+2) = STORE(NCASESY?+2)
GALL PLOT{1Z24404y=3)
CALL AXG0(DsyDey "SECONDS" 3= 747 o0y 0oy TINPTSHL) T INPTIS+2))
CALL #X90(Dee0ay"ERRIR OUTPUT ALL CASES.DE3™y#26409.5490.yDDATAINP
*TS+11 (ONATA(NPTSH#2 )}
REWINC &

L]
ALL CASES PLCT

DG ¥ L = 1,HCASES
BO & K = 1,NPTS
READ(HIT(ND2Y (N), DDATA (N} o LPLINY ,LPZEND
5 COMTINUE
CALL LINE(T)D0ATAy NFIS 1y 0401
7 CONTINUE
S CALL FLOT{124sy~24ay -3} .
RETURM .
END

12411420,

PAGE
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RITIVOD ¥O0d 40

FTH 4,2+75060 05711778 12,11,2%, PAGE b

SUBRDUTINE EIGHT 73/74 OPT=1

SUBRQUTIME EIGHT(NAT,NPTS)
DIMENSION CAT (1000}

w

is

¢
[H THE SCALE FACTOR OF DAT ARFAY DIMENSTIONED
¢ MPT5 FOINTS IS CHECCED T0 SFE IF IT IS A
G FACTCF OF ETGHT {MIGHY BE 8,48, OR 800 ETC.)
C THEN CHANGE IV TO 10y 100, +1 4 ETCas
¢
' 7= 1.
10 TF AT (HETS42 1ol T o 001251,
0 = ALOGID(ABS(DAT INOTS+2)))
E = ALOGLO(8 )
CC = D-INT(D)
¢
TF{ABS (CC=E}aGToeo000aAND. ARG (GC {E~14} 14 GT s 0011 RETURN
¢
. IFLEG.LT0.10= INT(D) ¢0,
c ,
. IF{CC.6T 0.10= INTID) 41,
.20 DATINPTS +2) = (10,%*D}%2Z
: RETURN
END

81 Z0Vd "TVNIONO
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To correct from-

psi
in
in~?
Vac/in
deg/in
in3/séc—mA

in/sec

CONVERSION FACTORS TO SI UNITS

90

Multiply by

6894,76
0.0254
1550.15
39.37
39.37

1.639x107°

0.0254

C-L
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