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The kinematic parameters of position, velocity, and acceleration
of a flight simulator may be calculated by knowing the distance
between two or more points on an axis and the time the simulator
takes to traverse the space between each set of points. These
parameters are calculated through the use of difference tech-
niques, Given the true kinematic response of the simulator to
computer generated commands, the entire motion system loop may
be calibrated, and system operability verified,
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A SINGLE AXIS STUDY OF
FLIGHT SIMULATOR KINEMATICS
BY DIFFERENCE TECHNIQUES

by

Larry D. Webster

SUMMARY

The use of discrete motion parameters evaluated by difference techniques
can provide useful information concerning continuous flight simulator kinema-
tics at the NASA-Ames Research Center, In particular it ¢an provide overall
system calibration of the acceleration, velocity and position parameters of
the simulator, as well as precisely measure simulator motion performance capa-
bitities. This paper describes the difference methodology and presents the
results of its implementation on the vertical axis of a six degree of freedom
flight simulator.

ii
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Introduction

A technique was developed to measure and calibrate the kinematic respon-
ses of a flight motion simulator to computer requested motion commands. Pre-
Timinary tests with this KINEMATIC MEASUREMENT SYSTEM (KMS) made on the verti-
cal (Z) axis of the Flight Simulator for Advanced Aircraft (FSAA) (See Figure
1) at NASA-Ames Research Center, determined that the technique is both feasi-
ble and useful. At discrete points in time, motion drive signals to, and si-
mulator kinematic response signais from the Z axis follow-up systems are com-
~ pared with values provided by the KMS for those times, Absolute differences
between the drive/follow-up and KMS values can then be used to verify the
operability of and calibrate the entire motion system loop, including digital
computer scaling factors, digital to analog converters, motion drive servos,
position, velocity, and acceleration sensors, and analog to digital converters.
Nonh-linearities in the motion and follow-up systems are also detectible via

this technique,
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Methodology

In order to measure the kinematic responses of the Flight Simulator for
Advanced AircFaft (FSAA) by the difference technique described herein, a sys-
tem 1s required which would sense cab position with respect to time, As the
end purpose of the Kinematic Measurement System (KMS) is to provide a kinema-
tic calibration of the FSAA, the position sensing element of the system must
be stable and invarient subsequent to an initial calibration. Mechanical
sensors were noé‘considered as they are subject to long term wear, and would
require semi-frequent recalibration, Optical and magnetic components were
-considered for use as the position sensing element as they have no mechani-

cally interactive parts and therefore would not be subject to wear.

An-opt1c$1 sensor was selected for use in the preliminary tests on the Z
axis due to its ease of mechanization and calibration. The sensor is a photo
transistor with a 0.17 radian angular field of view with the sensor mounted
on a copper plate., A round copper tube of 0,25 c¢m inside diameter and 0.635
cm in length is piaced over the sensor to reduce the angular field of view
and eliminate any stimulus of the element by background radiation (See Figure
2). Five of these sensor assemblies were mounted on an aluminum rail approxi-
mately 25.4 cm apart (See Figure 3). Tie true distance between sensors was
determined through an optical/electrical technique to an accuracy of ¥.025 cm.
As shown in Figure 3, the rail assembly was mounted on the fixed base of the

Z axis parallel and equidistant to the Z axis direction of motion.
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The kinematics of the simulator are controlled by a Xerox Sigma 8 compu-
ting system, Motion of the FSAA is achieved through input of a signal of
computer derived amplitude and polarity to a velocity drive servo system,
‘Position and acceleration are programmed parameters;‘ Constant inputs cause
constant velocity, while ramp inputs cause constant acceleration, As the
FSAA travels from top to bottom, or bottom to top of the Z axis, the lamp
passes each sensor in turn. Vhen a sengor becomes activated, its position
on the rail is encoded and sent to the Sigma 8 via a real time interrupt, a-
Jong with the relative time of passage of the lamp past the sensor. The time
for the first sensor passed is always 0.00 seconds, and some incremental time
- later for all other sensors, depending on simulator velocity. See Figure 4
for a.block diagram showing the FSAA motion systeii loop and its interaction
with the KMS. Upon receipt of the interrupt and data from the KMS, the com-
puter reads the current values of the velocity drive‘DAC, drive amplifier,

and position, velocity, and acceleration follow-up signals.

After the passage of the cab from its initial condition position past
all five sensors, the computer has stored a data set of the relative time of
passage of the cab past five discrete points, the distance between each of
the points, and the values of the drive and follow-up signals at these times.
With tnis data, the following information can be determined about the cab

kinematics in position, velocity and acceleration.

Position Technique

The position of any sensor z, from the center position of the axis is

-6 -
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listed betow. The bottom sensor has arbitrarily been iabeled 275 and the top
sensor zg. Positions higher than center position are positive while those

" pelow center position are negative. Thus, center position is 0.0C cm on the
axis, and the'position of the sensors are:

(2) z, = -42.76 ¢m
(3) 2= -17.20 cm
(4) Z, = +8.53 cm

(5) zg = +33.89 cm

Values from the position follow-up circuit taken as the simulator passes a
sensor can be compared with its known location on any run to calibrate the
position follow-up system, The location of zy, the reference sensor, was ar=-
bitrarily made to &yree wit!: th2 value taken from the position follow-up

system for that sensor.

Velocity Technique

Tests for constant velocity were performed by positioning the simulator
at the top or bottom of the Z axis. A velocity step was input to the servo
system of an appropriate sign and magnitude to cause the simulator to accel-
erate from a stop and move through the sensor test area with a velocity cor-
responding to the servo system's interpretation of the step input. A1l con-
stant velocity tests were performed such that the simulator should not be

accelerating in the test area,

Subsequent to a run, the cdmputer divides the distance between two sen-

-8 -
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sor points by the time it took the vab to travel that distance [(tn+l'tn)
where n is the sensor numbter]. This provides the averige velocity, ;;.n+1.
between those twc points, For small accelerations, this average velocity

is approximateiy equal to the instantaneous velocity of the simulator is' at
any point between the two sensors, A comparison of values may then be made
between the instantaneous velocity values of the drive command id' the tacho-
meter follow-up, if, and the average velocity calculated by the KMS. The re-

lationship may be expressed as:

? - z ., 12
. s n+l “n

(5) Zf = zs P zn’n+] = ..n_t_'__:r._— as a0
n+l “n
?. - 2 . 4=2
hd ® : - n+l “n

(7) 2y = 2 = Zp g4 T -—::—-—:;—-- as a»0
n+l="n

The KMS provides four average velocity data points from the five sensors. For
test runs with moderate constant velocity commands, graphs of the average vel-

ocity show that the acceleration is small and reasonably constant.

If the acceleration is constant but not necessarily small, there is a

point in space, Zos between two sensors where the instantaneous simulator ve-

locity, is, is equal to the average velocity, z_ .,

those two sensors. This point is located at:

1 of the simulator between

(8) z, = z2,t1/4 (zn+1-zn) , a=Constant

Simply stated, the average simulator velocity, in n+]? between two sensors
3



n and (n+1) equals the instantaneous simulator velocity is. when the simula-

tor's position is one quarter of the distance from sensor n to sensor (n+l),

~ A1) graphs of the velocity tests show a reasonably constant acceleraticn com-

ponent. Therefore, equation (8) is used to locate the position of ;; n+1*
]

nl versus position on the 2

] is located at the corresponding za).

By connecting the four points on a graph of';
axis {(where the position of each Z) ne
the graph becomes an approximately accurate plot of is versus position, Com-
parison of this graph to a plot of id of if. shows a difference between the

plots which represents the error in the simulator velocity to commanded velo-

city, or tachometer indicated velocity to true simulator velocity.

Acceleration Technique

Acceleration tests were performed in a marner similar to velocity ‘ests.
The simulator was stopped at the top or bottom of the Z axis and accelerated
into the senser area by input of an appropriate ramp signal into the velocity
drive servo system, A1l tests were run such that the simulator should be

moving with constant acceleration through the sensor area,

Subsequent to a run, the computer has avdilcblie the point in time the
simulator passed each sensor, and the distance between sensors. For constant
acceleration, velocity is changing linearly with time (See Figure 5). The

average velocity between two sensors is:

] -2

v _ n+1 n

(9) zn ’n+1 ) t - t
n+1 n

and

-10 -
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zn+2 - zn+1
W L

(10) Znel,ne2 ©

As can be seen ‘‘rom inspection of Figure 5, under constant acceleration con-
ditions, the instantaneous simulator velocity is at the point halfway in time
(tn+1 + tn) between two sensors is equal to the average velocity between the
T

two sensors or;

t +t
. . n+] n
(11) 2, ® zn pe When t = - )
= : t ..+t
s _ n+2 n+l
(12). 235 = 7piy ne2 when t = >

By knowing the instantaneous velocity of any two points and the time between

them, the average simulator acceleration between the two points c2n be calcu-

lated by:
Instantaneous velocity Instantaneovs velocity
- ( at average time between) ( at average time between)
(13) 3 sensors (n+2) and (n+1) sensors {(n+1) and (n)
' n,n+2 =/ Average time between Average time between
( sensors (n+2) and (n+1) sensors (n+1) and (n) )
(.zn+2-7 Zn+1-_rzﬁ+1u' 20\
(14) 3 thi2 = bl thny - tn.)
mym2 tn+2 ¥ tn+T - tn+.T * tn
' 2
or z(n+2 o R zn) - _
(15) z = te2 ~ tnel e - by 2 (zn+1,n+2 20 nt1)
n,n+2 '

Y2 ~ tn thez =ty

- 11 -
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The KMS provides three average acceleration data points fiom the five
sensors using equation (15), which provides an exact value for z when simula-

tor acceleration is constant.

(16) 7 =3

< n,n+2? zs = constant

By connecting the three points on a graph of ?;'n+2 versus position on the Z
axis, the constancy of :;,n+2 can be cetermined. If the slope of the line
is zero or reasonably small (as is true for many of the acceleration tests),
this graph approximating ?; may be compared to graphs of the accelerometer
follow-up values, Ef, and acceleration drive, Ed’ versus position. The dif.
- ference between the graphs represents the ervor in true simulator accalera-

- tion to commanded simulator acceleration, and accelerometer indicated accel-

eration to true simulator acceleration.

Inherent Errors

There exists a finite difference between the time a sensor is passed and
‘the time the follow-up system is measured by the computer. During this peri-

od, follow-up values may change slightly from their value at the sensor time.

This difference in time, or compute - latency, has been empirically determined

to average seven milliseconds.

For the position follow-up system the error introduced by the computer
latency is only 0.74 cm at velocities of 183 cm./sec. or 0.4%. For velocities
less than 122 cm./sec., noise present in the position follow-up system masks
any error in the position readings due to Tatency, For the tachometer and

accelerometer follow-up systems, the latency error is not significant for

- 13 -



velocity readings during constant velocity tests ur for acceleration rexdings
during constant acccleration tests respectively as the follow-up sensor shculd

not be changing value in the test area,

- 14 -



KMS Evaluation

Introduction

An examination of the FSAA 7 axis drive, servo and follow-up system was
accomplished in order to evaluate the ability of the KMS to measure FSAA con-
tinuous kinematic parameters through the difference technique. Tests were
made of the system at computer commands of constaht velocities ianging from
I3 cm./seé. to 274 c¢m./sec. and constant accelerations ranéing from ¥3 em./
sec.2 to 366 cm./sec.2 Positive velocities and accelerations represent mo-
tion from the top to the bottum of the Z axis, while negative velocities and
. accelerations represent motion from the bottom to the top of the 7 axis. Re-

sults from these tests are presented below.

Position Measurement.

Table 1 shows the position of each sensor as taken from the position fol-
Jow-up system as each sensor is activated. The effect of latency has been re-

moved from the numbers, Subtracting the true location of each sensor from the

Sensor # Follow-up Positions (cm.)

+42,92
+15.41
-14,9
-42,37
-67.94

- W N

Table 1
Position Follow-up Sensor Locations

- 15 -



value provided by the position follow-up system provides the error of the po-

sition follow-up system, This is shown in Table 2,

Sensor # Follow-up Error (cm.)

9.03
6.88
2,29
0.39
0.00

- W oo

Table 2
Position Follow-up Error

Figure 6 showh?a plot of follow-up error versus position on the Z axis using

sensor #1 as a reference,

10.0
8.0
6.0
4.0
2.0
0.0

Follow-up Error (cm.)

Sensor #]
Figure 6

Position Follow-up Error versus Position

Figure 7 shows the change in error versus position. Notice that the curve

shows a Targe increase in the error growth occurring between sensors #3 and

- 16 -
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and #4, accompanied by a change in slope between sensor #4 and #5,

=1
L 5.0
c § 4,0
.'-Ih'3.0
@
e 5 2.0
[~ I |
S § 1.0
EE 0.0
K 2 3 4 5
_ Sensor #
Figure 7

Change in Follow-up Error versus Position

Because of the accuracy of the calibration of the KMS, and because this
variation between the position follow-up and the KMS is consistant and re-
peatible, it may be stated that the KMS has detected an inaccuracy in the Z
axis positica follow-up system which has its most pronounced effect in the
space between sensors #3 and #4, The additional error introduced while tra-
veling the 25.7 cm. between these two sensors is 4.6 cm. or approximately an

18% change.

Velocity Measurements
Drive Signals -

Table 3 displays the drive signals for several randomly selected veloci-
ty commands as required by the KMS software, As can be seen, transmission of
the required command was accomplished by the velocity drive DAC and the servo

drive amplifier within reasonable limits.

- 17 =
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Software Required
Velocity (cm./sec.)

Velocity Drive DAC
Conversion (cm,/sec.)

Servo Drive Ampli-
fier (cm./sec.)

3.05 3.01 3.14
7.62 7.51 7.68
30.48 30.59 30.21
91.44 . 91,56 90,53
152.40 152,37, 150,85
182.88 182,90 181.62
-3.05 -3.15 -3.02
-15,24 -16.23 -15.30
-60,96 -60,69 -60,94
-121.92 -121.66 ~120.67
-182,88 -182.80 -181.15
Table 3

Drive Signal Response

Simulator Response

Figures 8 through 16 display the results of constant velocity command
tests for various commands iﬁ the range of 3,0 cm./sec. to *183 cm./sec.
For positive velocities, the simulator was started approximately 76 cm. above
sensor #5, and traﬁel was downward. For negative velocities the simulator
was started approximately 61 cm, below the bottom sensor and travel was up-
ward, In either direction, the simulator should not have been accelerating

in the test area.

Tachometer Readings

For commands through 61 cm./sec., the KMS measurements form straight

- 18 -
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lines showing uniform acceleration and motion of the simulator. The accom-
panying plots of the tachometer readings show occasional discontinuities in
" almost every case, especially in Figure 9. This may be traceable to noise
in the tachometer electrical systems or imperfections in the tachometer me-
chanical drive which causes jerking, Noise contributions are increasingly
less important and noticeable as velocity increases. A comparison of the
taéhometer readings to KMS values in the graphs show that for all veioci~
ties above 15 cm./sec. the general shape and slopes of the two lines are i~
dentical, Howeygr, KMS values exceed those of the follow-up system by an
average of 10%. This may be traced to a scale factor in the tachometer fol-

Tow-up system and may be easily corrected by rescaling.

Servo Response

For positive velocities below +91 cm./sec., the simulator has overshot
the required velocity by 25% to 50% at the first velocity reading. A linear,
negative acceleration brings the velocity closer to the required value as the
last sensor is passed. The acceleration is small in this range and can be
neglected for positive velocities below +91 cm./sec. If the computer drive
equations were rescaled to reflect the velocity error indicated in Figure 17,
this region could be defined as the linear operating range of positive veluci-
ty. Figure 17 plots the required simulator vélocity versus actual simulator
velocity. Deviations from the ideal 45° Tine represent an inaccuracy in the

computer-servo system,

For a negative velocity of -3.0 cm./sec., the servo system did not drive

the cab at the required speed, but at a rate 14% under that required in the

- 28 -



first sensor space, increasing to 67% under that required at the fourth mea-
surement, This is opposité;%he case when the cab moved down, and always

drove the simulator above the commanded velocity, although, in both cases the
simulator was’decelerating in the test area, This may be due to a slight im-
balance in the simulator's equilibrator systems requiring the servo system to
drive part of the simulator's weight up at slow speed. A relatively linear
region would exist at velocities between -15 cm./sec. and -91 cm./sec,, if
computer drive equations were rescaled to reflect the excess velocity current-

1y encountered in that region as shown in Figure 17.

For velocities in excess of ¥91 cm./sec., the graphs show that the simu-
" lator was still accelerating toward the required velocity in the test region.
The simulator was barely able to reach +183 c¢m./sec. and unable to reach -183
cm./sec. in the sensor space. As the required velocity was not attained af-
ter almost 198 cm. of travel, and since t183 em./sec. are within specified Z
axis velocity limits (%244 cm./sec.), the conclusion can be reached that a
fault exists in the computer-simulator drive system or that the specified li-
mit is too high. In its proper operating state, the simulator should slew
from a stop in response to a step input at the maximum permissable accelera-

2 max.) toward the required velcoity. At this rate, *183

tion (366 cm./sec.
cm./sec. should have been attained ffom a dead stop in 0.5 seconds., The dis-
tance traveled in that time would have been 46 cm., and the simulator would
not yet have entered the area of the sensors, HNotice that the time of pas-
sage in Figure 15 is almost identical to that of Figure 16. It is apparent

that an acceleration limit has been reached and that this Timit must be signi-

- 29 -
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ficantly below the 366 cm./sec.2

acceleration Timit specified for the Z axis.
Data taken for velocity requests of 213 cm./sec. and 244 cm./sec. have not

been shown as their graphs are basicly identical to Figure 16.

Acceleration Measurement

Figures 18 through 24 display the results of constant acceleration com-

2 2

mand tests for commands in the range of *3 cm./sec.“ through *183 cm./sec.®.

For constant acceleration requests below 73 cm./sec.2

» the KMS values for cab
acceleration form straight lines of approximately zero slope. The values are
generally within 15% of the required value. The performance of the FSAA for

. acceleration commands in the range of £73 cm./sec.2

may be considered tinear,
accurate, and constant. The accelerometer fcllow-up signals are very noisy,
and differ sharply from the other measurements (see Figures 18 thru 24), As
the FSAA drivé system and the KMS both agree on FSAA'acce1eration. it can be
concluded that the accelernmefer readings in this range ire incorrect. The
accelerometers used are currently being modified to improve their perfor-

mance.

Study of the graphs for accelerations in excess of 173 cm./sec.2 show
that the FSAA acceleration, extrapolated back, reached a maximum outside the
sensor range and is decreasing as the cab passes through the sensor space.

The FSAA is not currently capable of maintaining accelerations at or in excess
of ¥110 cm./sec.z. This is supported by perusal of the accelerometer strip
chart graph taken during the tests. This plot shows that the FSAA can reach

approximately 213 cm./sec.2 at the start of a run and that this value falls

- 31 -
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off rapidly and linearly as the FSAA passes through the sensors space to a
value of about 191 cm./sec.z. This lack of attainable znd constant accelera-
“tions in the area of the specified Z axis acceleration 1imit of 366 cm./sec.z
is the reason why constant velocities in excess of ¥91 cm./sec. could not be
attained as shown in the velocity section under servo response. Figure 25 is
a plot of simulator required acceleration versus actual simulator accelera-
tion. Deviations from the ideal 45° line represehts an inaccuracy in the
computer-servo system, Note that this deviation is =mall and could be correc-
ted by rescaling of the computer drive equations for accelerations below 73

cm./sec.?. As can be seen, the FSAA is not capable of linear, continuous ac-

celerations in excess of 73 cm./sec.2

on the Z axis. This may be indicative
of machine failure. If not, the acceleration specification for this axis
should be revised to reflect actual simulator capacity. This characteristic

also has the effect previously noted on attainable simulator Z axis velocity.

Conclusions and Recommendations

These tests, though rudimentary in nature, have shown that the kinematic
Measurement System possesses the ability to measure the acceleration, veloci-
ty, and position kinematic responses of a motion simulator system, and deter-
mine departures in system response from desired motions. From these, correc-
tive maintenance or recalibration may be recommended. Performance parameters
which are measurableby the Kinematic Measurement System are:

a. Position

1. Position follow-up circuit linearity, bias, and scale.

2, Position follow-up failure localization.
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3.

Position follow-up noise.

b. Velocity

1.
2.
3
4,
h,
6.
7.
8.
9.

Software bias and scale factors,

Velocity drive DAC performance.

Servo drive amplifier performance.

Servo system responses to step inputs (constant velocity command).
Tachometer follow-up linearity, bias; and scale factors.
Tachometer follow-up failure localization.

Tachometer follow-ub noise,

Computer drive circuit failure localization.

Servo system failure localization,

¢. Acceleration

1.

n B W N

Servo system response to ramp inputs (constant acceleration com-
mand).

Computer acceleration equation bias and scaling,

Accelerometer follow-up linearity, bias, and scale factors.
Accelerometer follow-up noise.

Accalerometer follow-up failure localization,

More precise measurements could have been made, especially for accelera-

tion, if the number of sensors was increased and the spacing between sensors

decreased.

This would have significantly increased the sensitivity of the

system to small variations of the parameters being measured,

As this technique has shown itself to be a viable method of detecting

potential problems in the drive and follow-up systems, as well as providing a

- 47 -
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closed loop system calibration téchnique. it is recommended that the system
be expanded to include all axes of motion, and further tested on a motion
simulator. More sensors should be added and the space between sensors de-
creased. Alternatively, further investigation into other methods of sensing
simulator position with respect to time should be accomplished, This study
should include consideration of low wear continuous systems as well as the

discrete types described herein,
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