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°+ 1.1, INTRODUCTION T e
. ; v ‘ ’ ' © \' : ' ' ' . ..
. Present day technology has much to offer to the" training

of -aircraft pilots. Flight Simulators have been transformed -

i from simple and awkward analog-mechanical devices, to the

perfection of a 00mp1etely digitally con@polled system Motion

‘-
e of Six degrees of freedom, @ccuracy of instrument: indicators. .
Efgh resolution graphics Systems training methods and lesson
2 i
- plans -and a, fully simulated sonic envinonment are just & few
’ ’ . , :

. of their high selling points i

a

Aircraft simulation requires a continuous Treal-time

solution of the equations of motion of the airplane along with

\;;1
. all other relationships needed to allor the pilot to "fly" the
. simulator with sufficient realism. rIn the' past, sound
‘ ¢ o . - Y X . ,
simulation was not Considered to be as importent ,as other

systems. Lack of sound data. complexity of simulation and the

fact that the sound is not as tangib&e as the other sytems, had

. reduced it to a non- essential part of the whole simulation

Most instructors used to turn it oompletely off ‘or ‘airline

SN R

e e VY
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T d. Landing gear

a. Engines i

A

described in conjuction with the previously defined hardware.

Chapter 5 presents the implementation in software. The thesis
concludes with comment§ on ihe results of the';imulation:
Appendix A summarizes iﬁhe‘ various paramefers ruéai in the -
simulation program. Appendix B supplies information on the

sound analysis instrymentation. Appendix C presents a sample

"derivation for the engine sdund shapers.

1.3 AIRCRAFT PARTS THAT GENERATE SOUNDS

]

" As a model of the simulation a Boeing 737 is considered.

I¢ is equipped with two engines and it is defined as a short to

-

medium range aircraft. The diffetent parts which are going to

!
be considered as sound generators are: : \

‘
N

Y

' a. Engines ’
-

o b. Auxilliary Power Unit- (APU) ‘ K ‘e

c. High 1lift devices . .

€. Air conditioning . - ' .

' : M '

) ° ' i L T -‘l

The aircraft is equipped with two high bypass turbofan engines
. \ )
rated at 20,000 pounds at takeoff thrust, The engine is a dual

rotor assembly consist}bg of a fan rotor (N1) and a compreésof
£

rotor (N2). The N1 rotor consists of a single stage fan and a

three stage booster section connected by a through shaft to a

. . : -« ’
four stage 1low pressure turbine.The N2 fotor is a nine stage

~

L}

—
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b. Auxilliary Power Unit

_The APU's main function is to supply electric power and bleed

air for engine ignition, while on g}oqu and in the absencé of

any other ground power unit. During)flight in oase of engine

failure, it  is used to restart the engine.. It is 8
LY

self-contained gas turbine engane. It is installed within',a
fire proof. sound redﬁcing shroua located in the gail of the
airplane. The APU consists of a two stage compressor a
turbine, and an accessory drive section. Gear driven units in.
the accessory drive.gontrol the APU from start to shﬁtdown.

(8] ‘ ' ’ " .
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c. High 1ift devices

High 1ift leading edge devices are used in combination with the

trailing edge flaps to incredse 1ift during takeoff and

-landing. The trailing edge flapé«and.leading edge slats,' when

' extended, increase the wing area and the effective ving . camber,

vhich greatly increases lifti; Trailing edge flaps’positiqy 0 - -

15 provide increased 1ift, position 15 - 40 provide increased

1ift and drag to ?ermit slower approach and greater manoeuvring

capability. (111 2+ - . _ )

d. landing gear -
{ [ *

The‘Laﬁding gear 1s operated by hydraulic power. During gear

LN

retraction automatic braking is. applied - té the' main gear
wheels. Nose gear rotation is stopped by snubbers. When the
nose wheel 1is retracted, it* is enclosed by clamshell doors

’ .
which are mechanically linked to the nose gear. [12]

.

FLAPS.SLATS -

4

«

*FIGURE 1.4 High Lift Devices *
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2.1 INTRODUCTION . - .

The sounds which are heard in the ﬂight compartment are

recorde: and analyzed ~ To facilitate the a.na.lysis t ey are

classi ied according to ‘their time doma.in ch eris‘ 5.

Signal olassific.a.tion sound dm acquisition a.nd analysis ‘is
-, .
_the purpose of the present chapter. e .

2.2 SIGNAL CLASSIFICATION.‘ \ U

The . sound signals that are present :Ln the eockpit are
¢

- classified 1nto the following dc)minam: types : Stat_iona.ry. and

Non-Stationary.

2.2.1 Stationary ' o T

Vithin the framework 'of this project. stationary siéxials
w111 be defined a.s those vhose average properties do not vary
with time (to a certain. extent) a.nd ‘are thus 1ndependent of the

" particular sample record used to ana.lyze them [14]'







types. [14]

- 13
.

Almost all sounds audible inside the cockpit guring a steady'
state' . flight confi%xration. belong to this type. ./1}9

stationary signals can be further subdivided into. :

a. Deterministic. whioh are made up enti ely of sinusoidal

components at discrete frequencies

AN
b. Random signals1 having a spectrum ~which\_ 1§, continuously
distributed with mquency » '

‘

An example of a deterministic signal is the engine whine and of "

a randomeignal the aerodynamic hiss. Figure 2.2 presents this

example.

2.2.2 Non-stationary
|

Although the term "non-stationary cévers all those signals '

€

which do not satisfy the requirements’ for stationary signals,

the majority of usefui non—stationary signals are .such thaéy_b_/

they can be dlvided into short quasi- stationary sections

. These signals are subdivided into Continuous and Transient

oo

a. Continuous \\

- ~

1

_ All those hon-stationary signals Vhich' copsist of &

summation. in time, of quasi-stationaTy sections.

- ) . )
example: windshield wipers, APU start up. See figure 2.3 = |

T e

‘.
N> ....«.L“‘
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b.  Transients ~ B
. : ] - : { ,
’ Transient signals are defined as those which have a very

short duration, and fast auplitude rise and ﬁgll.Exampleé of

these sounds are the various bang sounds, such as tire burst,
gear up and down hock, etc. o - L.
: ‘ 4 . ' .

1 SIMULATION PREPARATION -

* 1.1 Introduction °

3

- ° . * !
'The first two preparatory steps fér‘/él realistic sound
- simulation are: Data acquisition, and-Data analysis.

Data acquisition is the process of obtéiniqg recordings of
o « ' o
. . sounds as _heard inside thd flight compartment.The recordings.

are then analyzed and data in the form of frequency, speotrum

1

components and amplitude variations for spegific sounds, are

-

e

°

obtained. These data are used by the sound system as reference ;’1

<
RIS

Jfor the simulation. -

1.2 Data fqcquisition

PY

d data recordings are supplied by  the aircraft>
m&hufacturer or the airlime oompany *These recordings oontain
sounds which are oon51dered appropriate for training- purposes. o

» Oney‘method of acquisition is shown’ in figuﬁe 2.4 . The
equipment which are used for this purpose are a microphOne B

sound level meter and a portable cassette recorder.’ Y




K

. 14
-

. <. _

"

' . .- . .
Care \is taken during this K period to ensure thdt the

recordings were. as free as 'possii:rle from all other sounds, such

-

as ta.lking,éuxillia.ry sounds which could be .turned off, and

. sounds from other aircrafts or vehicles in the vicini’t}::.
v ) - ’ ' -

3 . Atathe beginning of each recording, a calibration tone is
fed into the sound level meter. This is to verify.any drift in

calibration or speed that could occur,following an extensive

!’ N

>

the m‘icrophone is selected such as the recorded data represent .

-

.the flight deck sounds.

- NN . _
. ) -
) N ] :
; v 1.KHz tone generator
- : \ tape recorder
O A | 311 ' '
. of eew e | >
L 4 . ' % )
wiles seEEm .
4 ° . '
microphone
s [N ‘
—~ vl N . . A ® ,
AL . N - = | T
dB level meter ) o - i1
e - pilot’ copilot

i

'~flighf compartmsnt

K

4 -

a

- . *FIGURE 2.4 Data Acquisition’*

use of the cassette'recc;rder. The locz;tion and orientation of
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For analysis purposes. the following equipment were used:

t

Spectrum Analyzer, .
Plotter,

Stereo tape recorder
Sound level meter ) ‘ s
Oscilloscope

Clock

-

Appendix B supplies~3he information on some of the

instrumentation used.

M

.

~ -

2.3.4 Effect Of Background Noise

~ A very important factor in the analysis is the effect iof
thf background noise level. “Figure 2.8 shows the. correction

that has to be made:on the total noise level measured. If- the

[

differenée betveen the total and the background noise is

\

greater than 10 dB, then this extra\nplse presents a negllgibIe

-

effect on the measurement of the signa& source, and the data’

cbtained are accurate and useful for the simulatlon ‘If the','
* difference .is less than 3 dB, .then tpe correct level-has‘tb be

regarded as -4n approximgte:measu;ement and it can not be used -

with confidemce as reférence - for the - simulation. The

in-between values‘'cah givé a reaépnable,estimate,of‘the‘(actual

: :
4 P . - '

noise level. ’Whenever"fhére is B doubt on the-results of.

simulation a.period of flne tuning in the presence of training

-

personnel follows .

M
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‘parts and systems, table 3.1 was assesxbled. o o

- 24 -
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3.1 SYSTEM DESCRIPTION

'The sound analysis is done first using the sound tapes and.

4

the flight conditions - data, which “are ‘pfovided by the
aircreft manufacturer. Thes apes contain sound data which
are considered to be significant for training purposes In the

sound snalysis each‘sound is being examined for its type snd it

Yo
;

is decomposed into its frequency and amplitude components W,

¢ t -

Starting from this analysis sthen, : all- sounds are .

classified into the followihg categories" RN
a. Repetitive (or continuous) type Pi
b. Random,- s - . . .
. . v g '\?
c.. - White moise. ' - 7 . '
d. - Higﬁ frequency. o N D .

' [} ’ -
4 f [ c - R f S e

‘Examining the sounds_ produced by the wvarious aircraft
. ,. . R ] . ~ ] B . . T'n- . .
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"RAIN AND HAIL

/ . .
]

ENGINE ' X X
ENGINE STALL BANG X X
© SPOILER AERONOISE : X
L/G AERONOISE » . X
AERODYNAMIGC HISS. . :
RUNVAY RUMBLE . ‘ X X
DUCT AIRFLOW \J X

HYDRAULIC pdkPS
CABIN DECOMPRESSION
WINDSHIELD WIPER
GROUND POWER UNITS

CRASH i

APU

TIRE BURST . .
GEAR UP BANG .
THUNDER

g b b

+

Table 3.1 - sound types ‘\~,
€ ' : »
“

The sound generation is done using two different systems

-

a.o Sbunds with main frequency components below 1 KHz " are
produced digitally using c8 microprocessor system- gnd then

converted to an analog signal using a 12-bit fast digital to

analog converter.:- This way.\étationary wvaveforms of complex

spectral characteristics can be computed and stored in tables-

off-line. See figure 3.1 . [4]

[ 3

- -

, b. Due to - the speed ~ limitatiops  of . the
. A '
. microprocessor,components higher than 1 KHz are ::::%Efbung§§§g

%oltage controlled oscillators, and white noise generators on
s N

. standard PCB cards (fig. 3.2). [5]
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L

copilot. and problems ‘of sound dfrecti?nality are solve&f

Wt

.

Information from both systems 1is
channgl sound chassis.l Seven spegkérs are iﬁstal;eq inside the. .
cockpit simulator - two of them in paraliel - -as :shown in
figure 3.3 ¢ The speake“rs are placed,'ir{ such’a ‘;aay so that a

multi-dimensional sound i;na.ge is created around the pilot and

Table 3.2 describes the location of the loudspeakers, as well j

22 ®

‘as_some. typi/dal soynds Teproduced by them. o
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.3.1.1 Generation Of Sounds Below I KHz

1 . ' . . K
‘For this class of sounds, a system consisting of a

microprocessor ( AMD 2900, bit slicé design ). memory and

L¥

interfacing is used. The microprocessor permits the generation -’

of both repetitive and randofi sounds. The repetitive sounds
are simulated by méking use of word tables generated by the

microprocessor and stored into its memory. Each table is

_associated with one particular waveform and consists of 2000

values describing the amplitudes of the individual frequency

components of one cycle of the particular waveform. Any table

" can be modified, or deleted. or new tables can be added. See .

figure 3.6 which presents an example of table contents. By
Vo :

continuously stepping through .a cyclic table at the sampling

‘ - :
rate of 2 KHz and outputting values at fixed intervals through

the table, a sound of a specificﬁpitch is produced. Narying

,the step interval - equivalent to varying the frequemcy - the

L] ‘
_pitch of the sound can be changed. [4].

r

i
Fbr a realistic simulation of aircraft sounds it is a&lso

neceséary to be capable qf‘gehe:ating randoe_fgnagé of variable

cutoff frequency and amplitude. * A random’' number generation

'd

routine and a one,/ﬁgle ‘digital filter are implemented.in

software and computed by the microprocessor. {41.[2] The ’

v ' N -
equation used in this computation is the following .

-
- v s
-~
L] . - -~
. 7
B . g . . .
> .

) m— S g . o

v

-






, ‘, N
- S A= AM/256 o -
L B=1- FR/256 .
INPUT = 1(4) *
OUTPUT = J({)

-

‘. +FIGURE 3.4 Digital Filter -

GAIN (dB ref stability gain)

FREQUENCY (Hz)

'*FIGURE 3.5 Digital Filter Response *

.y

-
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" : .- Por the ;mpleﬁentatioﬁ,of the repetipive and random sounds

_two subroutines have been written and microtoded into the

X
memory of the microprocessor system.

&
* . ‘

¢y The first one.’CNTWE‘handles *all.'repexitive (coninuous)

.. . sounds, and the second one. RNDS, handles- all the random

‘sounds. Each, subroutine generates frequency - and amplitude

controlled signaels and’ d;iide each signal’'s energy in a
¢ . ¢ controlled manner between the seven loudspeakers installed in
. v

_ the simulator.

1.

i

- -

* ., The input format ofpeacp of the subroutines is-as follows:

a. CNTW : FREQ NADS ADRS AMP DIST
\ \

where L B

tr

t

FREQ - a 16 bit integer ranging from O to 1000 given in Hz

NADS.- adress-in the microprocessor memory containing a
RO : . . i
- coynter N. ranging. from O to 1999. The counter specifies the

- point ‘in the -2000 word table that was outputted during the last

- . - - \
. CNTW . . .-
. .
- . - »
. . . -
. ,

ADRS --a 16 bit pumber specifying the top address of the ~

particular waye table

AMP = a 16 bit pumber-whose low order byte specifies the

N -

amplitude of the wave.

A
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'c. Microprocessor, I

.
’ ' AN ~ 9

?his system incorporates all the - control, cqmpu%étion.
processing and’ decisiofi making capabilitieSA It is designed :
uéing the popular 2900 series of bit slices. Its functions are
to cpntrollthe various data transfers from the host computer to

" the sound chassis interface., run various diagnostic fe§té.

‘compute. store, and output the sound data tables.' Refer to~

’

figure 3.1

~

d. Microprécessor to sound chassis interface I FO2.

/

Its main function. is to carry inférmation from the

%gcroproeessor to the sougd chassis. and it also contains

' i
circuitry.-to check the status of the chassis power supplies.
‘ i Pr .

4
L]

e. Sound chassis

1)
4

It contains the-apprépriape-hérdware\for sound generation : 6

generator modules each of which consists' of, an address decoder.

» %

one 12-bit register. nine-10 bit registers. one D’A converter,

two sinewave . oscillators. and a hoise generator. This noise
. .

generator can be used to- modulate the sinewave oscillators. In
addition. two noise sources. amplitude controlled. are summed -

up into one output with the above signals. Refer to figure 3.2

-« f. Dual power amplifier modules -

. : a

These are the output signal amplifiers. one-per output channel.
Y P -

. <

"
+
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each with 15 to 20 vatts power output capability.

' g. Seven loudspeakers. B , , - -

‘

These are located within the simulated cockpit area in such &

way. as to provide sonic Qirectiénality.

The total system requinemghps then are best explained with .
the aid gf figure 3.7 .

-

0

The sound module&mdnitgrs-gny change of status in the
‘@ircraft simulator, such as engineé‘preligniteét APU is switced
ON, is coded in Fortran and it ig running in the Host. This - e
moduig @alculates‘ the frequency and aﬁplitude farameters of a
desireq oufput,' Dﬁriné execution it generates‘ the éaraqeteré
for a group 'of soqus'every 133ms through I FO1. The éal?ulation
' results aré routéq to Fhe m%oroprocessor. | The microprocessor
‘executes the soiind routines to provide sound enabling as well
as amplitude and frequency control data signals generaﬁing gi% 3 -
train of digital data. Interface I FO2 Cchannels these data to
the sound generating modules in the sound chassis. The sound
output is generated by suitably cont%qlliﬁg and mixing various '
signals from voltage controlled ' oscillators. noise generator.'

signals. and sound tables. The final signal is power amplified

"and it is reproduced on the loudspeakers. ' i

.
§
|
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" main ' frequency .component is below 1KHz, the microprocessor

- [ ®WER4 ' ©

. L

4.1 INTRODUCTIO

v

Having examined. the hardware and the varidus background

.

software ~ for sound generation, in this chapter ;the parameters
. " .

vhich e\Lr? computed in the sound module to control the ‘sound,

are introduced. A general flow of the Sound simulation is ':lso

¢ r ¥
[

presented. . L ‘ -

4 -

* i
4.2 PROGRAM REQUIREMENTS : S
“

In orde?~to-,sati£f§; the ;icroprocessor requirements tnrlxe
sound program must supply -all the parameters;, thatj:'.is,’th'e
computation results Of frequencies and amplitudes for each of ; R
the ' desized  sounds. These parapeters are stored-in a common he
memory block in the Host computer. The miczjopfocessor picks up

this ®nformation every 50 milliseconds, andssets up the.various’
' ! 4

sound controls accordingly.

For the digitally generated sounds, ie. . the ones whose H

4

selects the proper table; and)a.ssign’s fheJ computed frequency,

v

. B .
-
! 4
e

:
I e s ";" e T

- . FLUN
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b. For the random sounds the following parameters are-paase&

RANDOMO1 .

. to . TRANDOM12

e

\

\ . .
where each label specifies the thr%g elements requested by the

RNDS subroutine.

RANDOMOI (1) cptoff frequenc& amplitude

A

{

3
e

. (2 I-address .

v

(3) ?1Stribution

where I variés from'l to 12 M’///AA\-

4 s

c. For the non-digitally generated "waveforms the- follbwing_

word output parametérs.are dumped by the microprocessor to the

sound chassis to control the dedicated. sound hardware

1 volume control °

<

-
¢

»

i
.

LA

2 vhite noise generator amplitude control

2 osd¢1llatdr 4requency‘controis

4

A -
. b S

é oscillator ampfﬁtudg controls -

0

., 2 random modualtion controls

N -
4 ’

Ll

o
&

The sound chassis contains 6 sound boards each requiring 9.

word Outputs for‘coptfol A tdtal then of 54 word outputs are

assigned to 5 different labels. . Refer to figure 4.1

VOLUME (1) to (8)

" VCOA
. VCOF
VCOM

NOISE

- ™

(1) to (12)

(1) to (12)

(1) to (12)

4(1) te (12)

I

"volume of channel 1 to 6

oscillator ampfitude

3 t

oscillator frequency .

random modulation coéntrol

(s

o /
white noise control

+
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S . " - 4‘.;.-
v Channel assignement is defined as follows
Channel 1 Left speaker ,
. ! ’.‘ ' r
Channel 2 right speaker )
Channel 3 top left speaker
Channel 4 top right speaker
Channel 5 bottom speaker . |
' ;

Channel 6 two front speakers in parallel -

The white ‘no:Lse generator woré. Outpufs' NOISE. a.nd the
randor modulation word outputs VCOM are a'ssig‘ned differeixt?.y.
so that the wfnte ncise cutpff frequencies ‘can be changed
A;lthou'gh ":the final wor;i outputs aré the same.’ that ‘lS NOISE (1,

- '12>.J¢xpefnal la.bedls are used to sum up the.effect as follows.

Formats

' " vnite noise gemerators 1.3.5.7.9.11

; Data bits N 234567 §9.10 11 12 13 14 15
§ . X--;applitude-- - F1 B K X X X.

3

white ncide geperaters 2.4.6.8.10.12

f)a:;a bits T123456 (A 9'10.11.12 13 14 15

' x --amplitude-- - F2 x"'; X X X~

wvhere . i . - ‘ {‘) o N -
;‘1 - frequghcy cc&nfrol . | it
71 - prequgpoy o

, ' TRUE.- 800 Hz. FALSE. - 3600 Hz
S frque(z;c}’ control | L
) ‘ CRUE: < 400, Fz. FALSE - 1600 Hz N
W “'7" | "‘ | ‘
+ . . ' . o







vC0Aa03

VCOAD4

VCQAQS

VCOAQ6.

VCOAO7

vCOoAQ8

VCOAOQ

vCOA10

VCOA1l

VCOAl2

VCOFO1

+ . VCOFO02

VCOF03

VCOF04

VCOF05~

VCOF06

VCOFO?

VCOF08

VCOFO09

VCOF10

VCOF11

\
Y

v

Vi

L

VCOF12
VCOMO1
02

03
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engine high frequency

preumatics
spare

spare

hydraulice

spare

spare

spare

wvindshield wipers

vindshield wipers

APU

engine high frequency

pneumatics

. spare

spare

hydréulics !

spare
spare
spare  °

vindshield wipers

wihdéhleld vipers
spére
spare

spare’

engine high frequency

»

o b Wb QL

(¢

- T B I N I

/ >--
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RANDOMO1

RANDOMO2 _
* RANDOMOB

RANDOMO4 .

RANDOMO5
RANDOMO6

RANDOMO7

RANDOMOB
_RANDOMOQ

RANDOM10

" RANDOM11

RANDOM12

CONTIN

CONTINOZ
CONTINO3
CONTINO4
CONTINOS

CONTINOB
| OON'I.’INO'?‘
' CONTINOS
CONTINO9

* CONTIN1O

CONTINI11
CONTIN12

-~

- 48" -

engine thrust noise-
/

engine- thrust noise

runway:rpmble\ !

spoilérs noise

. ~ ‘, ’ '..‘ “ ."
air conditioning/ raiyf hail

landing gear aero noisé

rain and hail

. flaps noise :
L} s 0

bang 'sounds
crash
crash

spare

engine output table
engine output table

runway ruble

electric ground power unit

pneumatics
windshieid wipers
runway rumble
bu% soum;s
sparé

séare

thunder

spare

S
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In this chapter the varipus sound parameters which are

'

used 1n the sound program Hcomputations were defined Tﬁe

3

.
.
following éhapter presents this simulation program ' Ct
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5.1 'INTRODUCTION : A

Simulation is achieved by breaking up tﬁe whole simulation

task, into smaller modules. and each module is responsible for

'simulating a specific system. for exémple engines,~ flight,

sound. etc  -These. modules are coded as subroutines with
a551gﬁed‘pricrity. and they are called by the .main simulation

" program end executed according to their priority. The results

~
4

of the computations of these modules are stored in a common

shareable memory ‘space in the Host. . . :

The sound subroutine is called every 133 milliseconds. It

*

reads from the common memory space the parameters cbmputed by

the other modu;es.'and it uses them for 1ts own calculations of
A . V:

frequency. amplitude and sound distribution parametérs.These

parameters are then stored in 'the common memory space. The
microprocessor uses this information to ‘set up the sound

chassis control parameters.

~
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-

The most common systems which supply information t0 the
sound module. are : The Flight systems which provide data on’

speed.a.ititude.spged brakes.direction.flaps spoilers etc. The

.Electric systems which provide data on braker status, the.

Landing gear system giving information about the position of ¥
the landing gear,and -tires.‘: the power plant supplying data
concerning the engines, fuel flow.the turbi,né fan

revolutions,thrust,etc. And last. the instructor facilities

_for various simulation controls and malfunctions.This is .shovn

with the aid " of figure 5.1 . A high le¥el block flowchart

*

presents the flow ‘of the sound program. .. .
. ‘ /

*
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1

5.2 ENGINE SOUNDS . .

This settion describes the Enginé system. and computes all

phe“parameters required\for the generation of esgine sound.

L]

5.2.1 System Description * .

> 4 o

i

v

The englne sound is dependent-upon the fuéﬁ’flow and the

-

revolutlons per minute of the’ engine fans.! As the throttles
T~ *

are advanced from the idle position to0 maximum. information on

-the engine RPM .(revolutions per minute of the N1 .and N2 rotors)
[} .

o

and FF (fuel flow). are provided.

Based- on 4he ;g;;ysis the following components are used to
simulate the engine sound : [7) Refer to fig. 5.6, 5.7, 5.8 .
a. A random noise of varying amplitude with a low cut off

frequency..varying slightiy as fuel flow reaches its maximum.

- va
-

. \ M ‘ )
b. A low frequency componént (pure tome) with changing

amplltude ‘and frequency varying from 125 Hz at 1d1ét to 800 Hz !

at maximum RPM of the N2 rotor.

¢ .
2
!
|

»

c. A high frequenty comgggent of changlng amplltude and

4

frequency varylng from 750 Hz at.idle to 3.0 kHz at maximum RPM

of the N1 rotor.

s

» ' -
i - A . \ .
d. A random waveform of white noise quallty representlng

the in- take aerodynamic hiss.

"3 e -
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~1

‘where ) S - oo .
. L N °
RSP1 temporary variable -
RSP2 temporary variable
- ’
ALTITU altitude constant
SPEED > speed constant ) -. Y S
VHH - eaulva;en* pressure altitude varlab;e (feet)
VVE equivalent.airspeed variahle (knots:”

OLTITU. ©SPODE  tuning constanis

4

« ) - .
. AMPLFN . tctal amplificatydn factor variable

! : ’
. 3
Each sound cbmponent then i1s computed’®as follows
a  Thrust no:se (.random noise
The amplitude is calculated in the fcl ;owlng manner

0

. @

SNDWFS( I+ = ({EWF'I, * FORTHR * AMPLFN - SNDWFS'I),*
"125 - SNDWFSII) + AMPLFN * EWF(I' * REVTHR

IR ",EDRE'»'(J;Ii_" ‘ " equation'2
' where S .. 1 - ) .'_ e . .
- HI‘ S - . | the eng;ne n&mbe* (1; left. . crlgh‘ englne
SNDWFS -amplltude factor for thrust level e -/
‘Eﬁ%{ . ‘equ1valegt fue; flow varable (pqpndsibourﬂ
FORTHR ° forward thrust level éoStani:" ‘ \
REVTHR o :févefse tﬁfust level constant
EDREV L equ1vaxent reverse door pOSlthB ‘~
o varylng from O (closed) to i (open) - ': C
et






~ . .
. 'where o ’
I “.;\the engine number
; HIAMP 1s a tuning constant
’ . AM2 . . " 1is the fynction as degcribed in fig. 5 5

) > » -
s

The frequency o™ the high frequency component  1s

‘ - calculated through the empicical formula .

v

VCOF(] - Tw= (A * INNIP(I,) - B} * AMPHI equation 6

o ' ) ~.‘
where .
S I .- the engine number
. L4 K ‘ .
( ST ,
, AMPHI | pitch correction cecmstant
INNLP ‘ equivalent N1 RPM’va.rlable o \
. A.B are coeonpstants ' ,
s . f ) ' . B L 4
v . ' i a8
' ¢ . Low freqﬁency component { Ng rctcr revclution -,
- . ’ ' ’ » 1t
’ . ‘ ‘ . ‘A ) " 4
' Apalvsis in the lower porticn of the frequency spectrum
v ’ - showed - ar .amcunt of. some discrete fréguency corponenté present
‘only at. low Nz values A linear functicn cf. the N2 RPK,
« : g

simulates the frequency content yhergas the amplltude‘fc%lows S
“. . - - (1- -
riece wise linear model

’

.

S The amplitude :s computed as HKCliows )
' CONTINC. 4.1 « AM'I ' * LOWAMP _ equation 7
\ A
. J. .
. ) . . . , ‘ “
. @ ., , \ )
< , N )
s )
)
— Ce = S — ‘ '

~
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where
AM is the function described in fig. 5.4 ,
LOWAMF 1s'a tuning constant
xThe frequency.v‘ of 'this sound component 1s calculated as
— ' - .
CONTINCIF' 1.1 - LOWFRE'INN2P(I) - GFFSET  equation 8

. ‘h o

where
g L the engine number Vs
LOWFRE _ tuning freduenpy donstant: .
| INNZE " Nz rotor RPM , a
'OFFSET tuning frequency constant l
"‘ | .
d ' Wh:ite noise based oo ampiitude of_thfust ncise
s S . ' | .
’ VNAM?:I + SNDWFS' I+ * ENGWHITE . equation 9
;vhe:e. B : ' . ' o
! :I ‘ e thé engine r.umbe: r
SNDWFS - : @mp;ztﬁde factor for ‘thrust level
. _WNAMP arplitude of whit€ noise -
. ENGWHITE tun;ng constant

P

14 - . : '
& flowchart of ‘the engine section ovf the program .1is

.

presented in figures § 9, § 10, 5 il

{
\
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5.3 AUXILLIARY POWER UNIT (APU) .

This section'computes the high freguency components for

the APU sound generation.’

5.5.1 System Description
The APU sound 1s composed of two main components

a. A high frequency componentbwhich is related to the APU
'revolutlons'per minute level This component follows the curve

shown an fig. 5 12 . [7] , .

L4

\\b: A low frequency term which corresponds to thrust noise.This

. . . _ ,
sound 1s hardly audible. and is usualy not simulated at all.

Observing the APU frequency spectrum. we can also .noﬁlce

»

the presende" of 400 Hz barmonics due to the “flight

: ‘ - I
instruments.{7] Refer to figure 5 13 : S:;
FREQ - o v AMPL.

- * . : '.
Hz

de

t

g ' ‘ ) " RPM : .L . ) RPM
‘*FIGURE 5 12 . APU Sound Shape * .

S © 100% APY ‘ . 65%  190% APy

-
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the ai1craft speed

ncrses L7,

quatlon set 1is as.follOVQ:«

RSPZ - O -

'~ (DORNOS + AGGPL(3, - 0 5 *
X . . 4 9

(AGGPL(1) * AGGPL(2))) -

 (VVE - 60) * GEARHISS
. RANDOMOBA - MIN(MAX(RSP2. 0.).255.)
- .~ : .
' whgre ‘ .
RSP2 temporary variable

.

»
-

X

48 ‘ . ‘J.

>

g
the \pos:ti:n of

depends as most-of

»

These scunds wall

fof WE .- 60

elsevhere
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equation 13
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L 1> Sidesliy hiss
The sidesiip hiss. pxoﬁuceg.“ small varligion on  the
. directisrpality  of the aerodynamic nolse The  amplitude
calculatidn uses the parameter VEETA which 1§ the angle of

frplane axig to ther direction c©f flight

AEROL MIN'(ABSfl‘VBETA“' ¢ WNAMP: 12 *SLIPY, 30000
equation 15

AEROR - MIN‘(ABS'1-VBETA * {WNAMP' 12;°SLIP2). 30000 /

’ « . ‘ equation 16.
X .
) ’
where ’
\ A .
i+ AEROL temporary varaigable :
+ ' AEROR " qemporaryvvarlable .
VBETA sideslip angie (degrees)
. SLIP1. tuning constarnt p \
- SLIP2 i tuning comstant
X . ‘ [ . D
The ?ontrlbutlons of the sidesliyp hiss. left and right . to the
'white noise output. are taken ‘-1nto account later in the
, cdmputitlon of Rain and Hail. «
. E | I N , '
5.4.4 Rapiﬁ Decompression .
. , A
This condition is\generated by a sudden air flow into the
. cockpit cabin. A voluntary depressurization by the crew,or a |
. / “ * )
window malfunction (window opens in flight), bring the sys;;m
'intd this state. 1 "
,' s o . + . l\ .
4 - . -t -
A o . ! .
- \ X . ] - M
> .»



, " ‘Decompression 1s dependent on the actual cabin pressufe.

and 1& simuiated by two white nolse generators The effect

:

lasts as long as the differential pressure 1s greater than

¥

Zerc The eguation set 1§ As follows

RAPDECI - MIN/DTPDI * PRESS. 3100C 0) equation 17 /
RAPDECZ ~’RAPDEC1 N I fequation 18
where ) . 7/ - ’
‘RAPDEC1 " temporary yarlabie
/ RAPDEC2 . temporary var:able
PRE$S, 15 a tuning constant \ \ ) ; “
DTPrCI ~ cabin dlfferentlal pressure (PSI) S

> - W

As menptioned 1n the previous section. the white noise

. ' \ e
contribution’ of the rapid decompressicn arg taken into account

4

~later »

- B

5 45 Air Condlﬁiohlng
) ' L X .
: This sound 1s generated by the Gasper .fan and the air-

. conditioning pgcks. It is a Qohtrolled air rush ibto the

‘cockpit cabin’ The simulation parameter is the average tabin

) /// air flow [7)

i

(23

[T

The following equations are used. : ‘“’\»\\\;

Gasper fan i RSPl - GASAMP .* GASUP  equation 19
. 7
where ’ \
- GASAMP . gasper fan inflow variable (LB/MIN)
/ ‘ : ’

. .
- . !
,
. , .
-7 ] . . o
. .4
% . -
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5,5 ¥indshield Wipers '

This sectlon simulates the sounds which are generated by
the. mechaﬁical mot jon "of the windshield wipers located in-

front of the pilot and the copilot ")

5.5.1 System Description -

> o
- - °
The sound is generated by the friction of the wiper slab
ruber on . the windows. It is mainly composed of a continuous
component. which is frequency dependent on the wiper selected

speed : low, hrgh park

When:the wipers are operated under rain. conditions. the
vindshield ,surfece is' wet and as a result;ﬁthere is'less
friction between the wiper slab and the/window. This condition
reduces 1n effect the continuous sound in amplitsde. it adds
though & high frequency component to it. The - voltage
controi}eq osoillator 12. is used to simulate this effect .

a. The amplitude of the wipers sound.’ depends on the number of

wipers in operation It is maximum when both wvipers aTe 6n,

75% when one wiper is operating and zero when both wipers are

s

off. "
. v 4

. b. The —frequency is set through a table containing the.

frequency of slabs depending upon the selector position.

.

.

- e a8 et e s b gt —

&'

-
e cmegn; e e wa
.
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»

The equations then for amplitude and frequemcy are

respectived§y : ,
~\ . .CONTINOB(4) - WVANP ' " equation 21 |
. CONTINOB(1) = WWRPM(I) L equation 22. )
AR . . ‘
" where - L ’
' I h selected speed constant’ . -
WiAMP  wiper amplitude constant
WWRPN wiper frequenéy constant

" ’ ,
c. Rain effect equations
. '/

. ]
’ The amplitude and frequéncy of the VCO is computed as follows:

VCOAl12 = WWRAIN * ABS(SIN(YTSIMT * FPX)) -

+ WWRAINI . equation 22 . .
VCOF12 = VCOAMR ‘ equation 23 _ §
.where - : - - )
YTSINT simylator timer variable (sec) '
. WWRAIN1.2 rain effect constants | . ~ .
FPX . .moduia.tion factor const_a.nt\(deg/sec)

c

The flowchart for the windshield wipérs coding is given in
ﬁgu‘res 5.25, 5.26 . Figures 5.23 and '5.24 present the - A
frequency spectra at two spee;is ©of these so‘unclas. The indicated
harmonics are storéd in t':vo tables and are referenced by the

“

CONTINO6 parameters. (
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‘5.6 Ruxiwa:g;, Rumble

- ,high frequency waveform. The.runway rou‘g_hhess is also taken

"into account, althoﬁgh this " effect: is pfoduced in a more

. sound that is simulated. The frequencies of the continuous and "

In this part of the program the rumble .sound which is

-produced by the airc}arft vhile on runvay is simulated.

3
.
A

'5.6.1 - System Déscription -

v

The following sounds are simulated: -The rumble soumd
generated during take-off and landing and the squeal sound at o
the moment of touch down ' Three sound compOnents are used for . -

the simulatio@éf this effect: ‘a repetitive .a ra.ndom and .a

rea.listicv way by the motion program.

o

5.6.2 Progran Desor;ptrion -

. The main para.meter taken igto consideration 1s the nose

gear compression. This 1is used to vary the amplitudg of the .

ra.ndom wvaveforms are kept ‘constant . i .

The equation sets for the a.mplitude are formed as
follows: = o | ' /

co_m'mov‘(é) = MIN((RSPI + AHPOS13 +A$S(VTHED))'RUﬁaLm
' " \255) / equation :.;4'
RANDOMO7(1) = um((nspz + ArBS(VTHBD))‘RUMBLEa
zss)" ’ . equa.tion 25
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5.7 Bang Sounds . . T

’ These sounds are usually ‘mhe result of a ‘3alfunction
X They are of the same' muffled quality and they differ only in

' the duration and the loudness of the, bang.  The malfunctions

$ - are either invoked by the imstructor, or by themselves if the

»

proper conditions arise.

'

This section then, comphtes the amplitudes and the duration
of the bang sounds liStéd ‘below, The- flowcharts for the coding

are presented in figures 5.28. 5.29 5.30, 5.31, 5.32 .

decompression bang: - ' .

eoginé surge |

eogine seizure

turbine‘fallute

gear uplock Cow

. gear collapse a | .
tire burst
engine light up o

| -

5.7.1 System Description -

’ . 4
The bang sounds vill Se produoed using repetitive and

random noise generators and they are controlled by setting up

. @ ‘

" . BANG  bang flag logical. variablé

thg followihg parameters :

]

-y

BANGD distribution of sound - bottom and front

. . . o






’ > '] S ’ N

. - i \ } - 97 ~ . 4 N .' . . ) ,
:k . - A¥Y T B :

- e, . ' ‘\ ( ‘ &“ . ' -

4 ?lag 40 true. The parameters then are set as.follows : .- . I R

-, erers. z ' )

' ) ] - . /_r\ . . ) . Y

 BANG .TRUE. ) : .
e

]

) BANGDIST - ’FOO/':\\left/fight speaker distribution
LA “woancary s aweloomry 70 0 .
- - BANGTIMER - 1. ° y . ' o l ’
\ vhere ' | S ) “

B . * " -AMP(CQUNT1) amplitude tuning constant

] - . . )
© 5.7.4. Engine Surge - N

.

The engine surge bang souﬁd follows the fiuctuations of

. P )
' the ,engine N1 rotor RPM, and it is a repetitive ba.ng sound.

" The effect is turned off when the fuel flow 1s cut or w{uen -the
. engind revolutiong are brought. to the idle positlon. The
effect is initiated by setting TF71101(1) (left engime), or

TF71101(2) (right engine), logical variables. to t;_'ué\..‘ '

0

\ The Eomputa:t,ion is done as follows v s . o
» . ) / ’ \\i
ENGSURG(I) - (DIFFEWF(I) .GT. SURFRAC * EN1(I)) '
;o L ANU/ TF71101(I) equation 28
b ; 4 . '
.+ BANG = .TRUE. . .. .
T ¢ % . BANGARN ' - DIFFVEF(I) * SRGANP ‘ |
BANGTIMER = 1 \ ¢ '
. 'BANGL - ENGSPRG(D) Ty T coe
. BANGR ~ ENGSUF .
> Q - B
.\f. ‘ * ) Q
. \ )
. /' v , .
7 - - L
» ‘ \‘\V . td ' A
. " ! ~ '/ ,E e
o - - e e S : SO
f - X ) o )




Py _ . , , -
b . — " §5 - N T
. N S w
where .
- ~ "' - .
I - is the engine number \
EN1 N1 rotor RPM variable (in percentage)
) - ENGSURG engile¢ surge condition logical variable -
. 'DIFFWEF ¢ ~ equivalent surge fuel flow differential
) SURFRAC . tuning constant ' A
. SRGAMP tuning constant for surge amplitude
» Yo . L2 . '
* r»% ' e t —
- "
5.7.5 Engine Seizure -
L M i % t C. - > .
. L3 ~ . .
< ’ Setting malfunctich flags TF71111(1) 'and TF71111(2) to
' o '.wtrue; the jnstructor can initiate an engine'é‘eizure“ condition.
| r‘ ‘ , "‘ ’ . ) ‘ : ‘ .4 \l ' *
BANG = .TRUE.
’ : AN : ' \
.- . BANGL = I.EQ.1, left engine
- " " BANGR®  « I.EQ.2.° right engine
» - -
. BANGARN - BANGAMP(1)
¢~ BaNGTINER : 1 ., DR
’ - N ¢ S ' ‘ . ’
where ° . '
I , thé. engine number
‘ w : I
" BANGAMP(1) Dbang amplipude constant : e
4 " '\’J~ v s ¢ \b . . . - '
x B oo I .
- 2 \\ - y ¢« ¥
‘ ! - ' . i s > . . y - , L .
e ) 5.7.6 Turbine Failure - . . b | ‘ 3 .

- .

~ setting TF?71011(1) and TF71011(2) to-true

.

. "y

BANG

oo '//~ "K;.’fl(

_TRUE_ "‘,‘_ ' ’ ‘r' r." t

A’similar cohdition as the engine seizure., initiated - by






¢ b - 100 - :
BANG = T;U?\
BANGARN = = KBANG
BANGTIMER = 1 ’
BANGL = COLL(1) o

BANGR = COLL(2)

BANGD = COLL(3) S T
wherg
. 'COLL(1) left gear collapse logical variable
' . GOLL(2) | right gea.i' collapse 1og’ica.1 variable . ‘
COLL(3) nose gear éollapse logical variable '
' EBANG gear collapsé amplitude constant - -
. ' , . . .
( v ) , v

5.7.9 \’I‘iréf“Bursjc - , . . 4

' This section simulates the bang sound produced by a atiré

burst. The condition has to be reseted befor€ reinitiating the’
malfunction. Equivalent malfunction flags are TF32091(1),(2)

g for the' left tires. and TF32091(3),(4) for the right tires.

o ) , BURST(I) = TF32091(i) |AND. .NOT . PREBURST(I ) ,‘equation'“"zg
| " BANGL . BURST(1).OR.BURST(2) .
g " BANGR - BURST(:S)‘.OR'.BUROSTH) .
. . BANG - TRUE.. - N ) ~
| ' BANGTIMER s 1 N
, Wwhere ) .
T . the tire number ‘» | ¥ e
, , ) ' \‘
\ \ . ’
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5.8 Ground Pover Units . u , . ' .

+ 'I"

] These two units are external to the aircraft. and they are
m%g~ part of the aircraft's preparation for . take off. The
electrical power ' unit fulfills the -electrical power demands to
turn the aircraft ‘systems on. The pneumatic unit supplies the
appropriate air pressure<to ignite the englnes This sectionnl

‘computes the sounds generated by these units,

5.8.1 Bystem Description - : ' . )
N ' " . . r4

The Metric power unit sound is simulated using a
repetitive waveform and it is turned on by the inmstructor,

through the instructor facilities module ' ' ;

’

The pneumatic unit is produced followlng ~the same
process and is also a function of the englne pneumatic demands

during ignition on, and ignition cutout.

5.8.2 Program Description -

a. Electric Unit

Tﬂe sound, as all repetitivé sounds. is presprogrammed and is
saved into a table, Instead of turning the sound .on directly,
its amplitude is slewed ﬁp slowly as shown in equation 30. Its

amplitude and frequéncy are set through the following equations -

respécﬁ;vely

-

a5
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. CONTINO4(4) = (EGPAMP - CONTINO4(4)) * BGUPE; dBNTIND4(4) .

€

. &
b 4 : equation 30’

(-

"-CONTINO4(1) = EGPUF(3) . ‘equation 31
. ; * - "
where ) )
EGPAMP fixed amplitude for GPU, dgnstant
EGUP v « - gg;ing constant for sound level )
EGPUF @iiﬁﬁ frequency constant ‘
b. Pneumatic Unit ,

‘The amplitude and frequenc& computations are as folTows:

.

CONTINO5(4) - MIN(INITAM*EXP(Y) . 255.) . ‘equation 32
. CONTINOS(1) ;MIN(INITFR;EXP(X) . 255.) . eq"uation 33 °
where
INITAY - initial 'amplitude constant
Y a function descfibed in figure 5.33
INIfFR . initial frequengy dénstantﬁﬁ

X ' a function described in figure 5.34,

-

The discrgte frequency components which are stored in the

tables are shown in figures 5.35, 5.36, whereas the flowcharts

are presented in figures 5.37, and 5.38 . )

[ - T s i
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» 5.9 Hydraulic Pumps P "

©

. c - {
.5.9.1 System Description’ -

114

&
The Hydraullc pumps are’ located at the rear of the

a.lrcraft .and they generate a high pltched whine, very low in

a.mplitude

A

-

. The sound is produced ~ using ~the high frequency

ospiifatérs. {ﬁéﬁending on the type of -,a.ifci'a.ft. this sound, in

-some. cases y might not _be'audible at all. In figure 5.39 we cdn

see main frequenty camponent of the hydraulic pumps sound.

- . . ‘
¥ 1
[ ' . .

5.9.2 Program Description - :
. . v !

Amplitude and frequencjr are; set through the following

L}

o

L

eqdations : ,
VCOAQS5 =yenxp «  eguation 34.
VCOFOS = HUPFRE  ° equation 35
where = .. '
HYPAMP  amplitude tuning constant - . o
- ’ 8 \]
‘HUBFRE  frequency tuning- constant ' r \\
The flowchart is jgref;ented in figure 5740 .~ : W’ ‘
. _}:,‘ "., . . s # ' o
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*FIGURE 5.40° Hydraulics Program Flowchart *
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.

VELOCITY _ equivalent. wind velocity variable

RAND1 equivalent random gusts variable \\umg : .
. A ~ '
AEROL, AEROR, ATIRCON,RAPDEC1 ,RAPDEC2, are compensations - to .

wvhite noise generétors from the calculations for aerohiss and
air—conditiohing énd rapid decompression (equations 15, 16, 17,%
18, 19) -
b. ' Bursts -
WNAMP(5) = MAX(MIN(VELOCITY * RAND2 * SLEWAMP ,32767.).0.)
\ equation 38
WNAMP(7) = vyAfip(U = WNAMP(5)
where

«

RAND2 equivalent random gusts variable-

To' 'differentiate between rain and hail, since  the
equations for both effects are similar. a different burst rate

and randomness of gusts are selected.
[N [N

‘ COMPUTE '
TRANSIENT AMPLITUDE

WONITOR VELOCITY,

AND COMPUTE

| VELOCITY FACTOR

SELECT BURSTS

OUTPUT NOISE

*FIGURE 5,41 Rain._Hail Program Flowchart ° ' -

e+ et e e - pekee - ¥ B - s e bt e LR Y S
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S5.11 Crash And Scrape

'This sound is generated in any general crash condition, or
it can be evoked by the instructor. The Scraﬁe condition is
entered when one of the 1landing gears crashes while the

aircraft is taxiing on the runwvay. ’ !

-5.11.1 System Description - , ’

The sound is computed as a random waveform and _its

amplitude is a function of speed. ' -

5.11.2 Program Description - o

} .
Random generators RANDOM10, and RANDOM1l 4re used as

o

follows .
RAﬁDOMlo(l) = MIN(VVE * CRSCNT, 255.) eE;uation 39
RANDOM11(1) = MIN(VUG * CRSCNT, 255.)  equation 40
where .
" yVE equivalent air s;eed variable
VUG speed with respect to gfound variable

CRSCNT tuning constant

Figure 5.42 presents the flowchart for the programming.

L . -~ /
e e A
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5.11.% Thunder Effect - o L

The .effect is turned on by the imstructor fa.cilities.. at
vill and except the sound ‘effect that is generated in the
cockpit.it also produces a disturbance iw the | communication
s:}stem (static discﬁarge interference).

%

5.11.4 System Description -

The thunder sound is a lov frequency rumble sound with

echo-like quality. | L

5.11.5 Program Description - | -

»

One repetitive and random waveform is used. The
distribution of the sound is variable from the front to the

back speakers. The equations used for the computation are as

follows : -

Jed+1

CONTIN11(4) = THUNDER * LIGHTTIMER- (J’2) equation 4‘1

RANDOMO3(1) = CONTIN11(4) ‘ equation 42
vhere

‘ J counter used to cre‘at‘e) amplitude peaks

THUNDER tuning constant .

) LIGHTTIMER  sound duration constant'
\

The flowchart is given in figure 5.43 .
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*

»
N\ 1%
AMPLITUDE
[ ' - , v
L ) .
C ] o o REAHEDN -
g REAXT1-PEAXT1+1 ————< ‘
| ~ FIRST PEAK”
T
PEAKT2-PEAKT2- 1
) ]
. T
CALCULATE
o mwm
: e “
'y
‘ LIGHETTINER-
’ 'LIGHTTIMER-)’

. PIGURE 5.43 Thunder Program Flowchart *
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B : . CONCLUSION

v A soynd simulation system was examined ih all itg phases:

. © ' pound data' acqpisition, data analysis ‘and. the effects of
B ) S . » v

ambient noise, a hardware system conception and real®ation,

. glong with the ‘software .background for sound generafion'

\

Finally the sound module was examined in depth.

“ i
’

-

! ¢ o

As aﬁjesult a sound system was implemented and it was able

AN "

tb match the reference data, and the simulation requirements in
[ .
. most cases. A.%Very important factor in the whole simulation

’  “method was the fine tuning session with the ®evaluation training
¢ b v

pilots on the simulator i1tself. Problems of relative sound
- ¢

. , . amplitudes for different systems. were solved in that session.
"F":. .. ’: ,\/\./

4 . ¢ , o
3 : . The limitation that the system faced, was the small amount

~

of harmonic components it provided for various sounds, and in

s particular ir/ the engines sound simulation.
4 Y ¢ 3

, e
\\\ . 'f‘ - The sysﬁem\gsna whole, ‘'when comp?red to a completely

.digital so?ﬁd'.generdtion system, makes certain compromises as

N /:far as total digital control is cof@MEned, or point by point

s
' - > 1)

- simulation. But it combines “the advantageé of both methods by

\\ . imposing less requirements on the  dedicated  sound

- N

nicroprocessor.

v B s At s b I I . - —
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-~ ENGINES -- -

Internal constants

ITERCNT
ITERNO
ITEREC
INN1P
INN2P-~
DELN1P
DELN2P
RSP1
L RSP2
ALTIDU
OLTITU
SPEED
SPODE

AMPLFN

PREFFL(2)
SNDWFS(2)
INTHR
FORTHR
REVTHR

AM2(2)

/ AM(2)

KC

KT

constant for interpolation

constant for inﬁerpolation

constant for interpolation

N1 «RPM. function for interp.:
N2 RPM function for interp.
N1 RPM function for interp.
N2 RPM function for interp.
scratch pads

scratch pads

tuning constant

parameter, altitude

o

. tuning constant, speed

parameter, speed

_amplitude factor for engines
\

,previous value of flame flag .

sound amplitude‘thrusf
initial thrust amplitude
forward thrusf level

reverse thrust level

N2 function for ampl. calc.
Nl function for 1. calc.
param. for high freq. scaling

sampling rate

‘REAL

REAL

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

REAL

. REAL

BYTE:
REAL
REAL

REAL

‘REAL

REAL
REAL
REAL



. ENGWHITE
HIAMP
LOWAMP
Yy RANDOMO1A

!

RANDOMO1F

CONTINO1A

. CONTINO1F

WNAMP
Input

éWF(z)
EN1(2)
EN2(2)
EFFL(2)
EDREV(2)
-

VVE

¢
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const. for eng. white

const. for high freq.

const. for low freq.

Array of elements for

Array of elements for
Array of elements for
Array of elements for

Array of eleﬁ%nts for

variables

fuel flow
N1 %lRPM
N2 % RPM

engine flame flags

reverse door pos‘'n 1=

equivalent -airspeed

Output variables (INT'2)

’96§;1h01
|CONTINO2
. RANDOMOL
_RANDOMO2
VCOAD2
VOOAO3

VCOFO2

engine 1 outpﬁt table
engine 2 output table

engine 1 thrust noise

noise
amplit.

amplit.

ampl . random
freq.randop
ampl.repet. .
freq.repet.

white noise

L]

open .

"preSSuxgaaltitude - feet

engine

engine
engine

engine

2 thrust noise
1 amplitude high freq. -
amplitude high freq.

1 frequency high freq.

REAL

REAL

BYTE

BYTE
INT*2
INT*2

INT*2 ..

REAL
REAL
REAL
LOG*1
REAL

w

REAL

<BEAL

chan 1
chan 2-

chan 1






-

YFLAP
KFLAP
RANTIOMOBA
RANDOMO4A
SPOIL
SPOILERS
AEROL
AEROR
RSP2
GEARHISS
RANDOMOGA
RAPDEC1
RAPDEC2
KDECOMP
DECOMPF
RSP3
GASUP

GASDWN -

~ ATRAMP

FAN
DNWCC
RANDOMOSA
WNAMP(12)

VOFFST

HISLMT =

PRESS

T - 132 -

flap geometry constant
average fiap position
aeronoise of flaps

aeronoise of speed brakes
average spoiler position cnst
function of spoiler position

left wing sideslip function

right wing sideslip function

LY
scratchpad

' tuning constant for landing gear

rando; noise for landing geér’
rapid decompression noise ampl.'
rapid decompression noise ampl.
funing constf rapid decompr.
rapid decompfession flag
écratchpad

gasper fan up transient

gasper fan down transient

air packs amplitude

cabin fan constant

cabin inflow

random poise for pack flow
amplitude.white noise aerohisé

tunihing constant offset,aerohiss

.const.overflow limit, ae;ohiss

constant , rapid decompression

REAL
REAL -
BYTE
BYTé
REAL

REAL

REAL

‘REAL

_REAL

REAL

' BYTE

INT*2
INT*2 o
REAL

BYTE

REAL
REAL
REAL

REAL

BYTE
INT*2

REAL

. REAL"

REAL






Infernal

1 134

WINDSHIELD WIPERS -- !

W;PON windshield wiper flap flag
WWRPM(I) windshield wiper frequency
ADDR(I) :table,éddress, differrent speeds
CONT&NOGA amplitude of repetitive sound
CONTINO6F frequency of repetitive sound “
PREPARK  previous w w position flag
éOUNT ‘lcounter for w v park return posn
COUNTFLG flag indicating status of counter
YTSIMT simulator tiﬁer< » ‘
WWRAlyi,é rain effect on wipers. ~ .. &“f?.
FPX freq. and émpl.imodulating factor
WRPM féequency modulataing factor
WHIﬁEAMP ‘rain dependent amplitude factor
RAIN] tuning constant,
RAIN2 tuning constant

. TWIPA rain effect anplitude "
TWIPF  rain effect frequency - w,a .

Inpﬁ&s

IDAMWWP(I) windshield wiper selector

- BI54

BISS

breaker left wiper

breaker right wiper
s .

~

-

BYTE
REAL
REAL
BYTE
BYTE
BYTE
BYTE

BYTE

' REAL

REAL
REAL

REAL

BYTE
BYTE

BYTE
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Qutputs (INT?ZS
CONTINO6 windshield wiper sound
VCOAl1l high freq rain component'
VCOA1ll high' freg rain component —'freq.
VCOA12 high freq rain component
VCOAl2 ; high freq réin'component
--- RUNWAY RUMBLE --
Iﬁternql
)
FLITE f1ight level flag
' TSQﬁEALl tuning constant
TSQUEAL2  tuning constant !
TSQUEALS3 tu;ing constant
“ ~ !
Inputs
SQUEAL squeal flag
AEPOS13 fromt whell skiding factor%
VTHED euler wheel’angle
VVE airspeed equivalent '
VH ‘height above ground -
VEE gear compression
\
Outputs ,
VCOA amp&}tude oscillator i
VCOF frequéncy oscillator 1

2

1 TR o

|
B
’d.
=

&
'S,

g

'BYTE

REAL
REAL

REAL

BYTE

REAL

REAL
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ENGSURGR, rigbt engine surge flag

CCUNTS courter for surge, left
CCUNT6 courter .for surge right

AVPSURG , surge amplitude

r

CCMPSTA% turtine failuge flag
CCUNT2 courter for-turbiﬁe failure
GEU?LAMP géai uplock -tuning constant
SRGAMP - enginé §urge amﬁl. tgiéggr

SURFRAC  surge ampl. tuning constant

¢ *
| Inputs’ .

/., . .
TF71111 engine seizure left

AP

TF71112  engine seizure ;ignt. ‘
TF71101 engiﬁé surge 1éft &0
.TF71102  engine surge right )
‘TF?fOlle - turbine failufe ieft
TF71012 'tuxbiﬁe’faiiure right.
TF21011 decompression bang
@CMREPOS repbsition airciaft ’
VEbG . & ¢ on ground flag
TF32011 geaf collapse

' >

TF32012 gear collapse
TF32013 gear collapse .
TF32091(4) tire burst

ACUPLCEN  gear uplock -

-

BYTE .

BYTE .-
REAL

REAL

§EAL
REAL

LOG*1

LOG*1"

LOG*1

LOG*1

LOG*1
LOG*1-
'LOG*1
I_m*l
LOG*1
LOG*1
e
LOG;I '
10G*1

REAL




ly. #

' cuToUT

h Outputs -

RANDOMO9 = bang sound (random'pomponent)

CCNTINOB' bang sound (repetitive comp.)

w

+ L
—C'EROUND POWER UNITS --

EGPUAMP fixed amplitude,for GPU
KC higﬁ\freq scaling facto;'
EGUP : tuning const electric

PNEUMAMP turbine spart whine

<

EGPUF frequency tuning, electric
PAMPL poneumatic ampl. calculaxién
INCF1 slope increment constanbs o
INCF2 ¢«

INGF3 P

INCFa T

PFREQ - - ﬁnpumatic f;eq.calqﬁiation

CONTINO4A repetitivé sound ampl.elec.
CONTINO4F repetitive scund freq.elec.
b3

CONTINO5A repetitive sound ampl.pneu.

CONTINOSF repetitive soyed freq.pneu.

engine ignition cutout flag
"PASF1 program flow control flags
PASF2. - » |
PASF3 . . - << ’
CUTF4 « e
* CUTF3 coo T
- -~
0 ?

W A A 4y e

e

» INT*2

CINT*2

REAL
g
v,/ REAL
' Reav
REAL
REAL
REAL
REAL
REAL
REAL
INT*2
INT*2

INT*2

INT*2
INT*2
BYTE
BYTE
BYTE
BYTE
“BYTE

BYTE

s’

o .

R I
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-~ HYDRAULIC PUMPS --

} " Internal 5 ’ ‘ o ”
\ ¢ .
‘ S " sound amplitudeuadﬁustiné? .* REAL
5 HYDFLG hydraulics ON flag. ‘ o . . _BYTE
L, - P ' ” T
Vo R
' IDS3R  stand by rudder svitch - T BymE

[

IDS4R . stand by rudder switch N BYTj;/

‘ Outputs ~
VCOAQS . hydraulic pumps amflitude o INT*2
VOOI~:'05‘ hydraulic pumps frequeméy ~ INT*2
CONTINI2 cor;.tinuqus vave, z;mp. +" freq. INT*2°
] ‘. , - AR
) -~ RAIN _HATL -- , P
i S ~ Internal \ | o
WNFSEL(*) cutoff freq:{egcy éelgct- . ' 10G*2"
wNBUﬁST(') burst ra::é sele'ct‘ L LDG"2
'RAINHAIL  tuning constamt - o REAL
’ RANEFFECT tuning constant - . ' REAL ‘
Y  GUSTCOUNT timer for gust ' T REAL
GUST  wand effect ; . © REAL
SLEWAMP 1nitia.i and fipal transients \ \REAL
¢ RAND(*) ~ variatics in so'und‘ ) REAL
VT ' VELOCITY  functiom of & ¢ velocity - REAL
e . é I , | ° | < -
TS s | : o :
: »
» ' . * ! " “

§
i
D)
.
/
.
~
=
.
?
9
R
LY
.
-
%,
LY
.
e e i e
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" WNAMP( ')  white noise outputs

'BURSRATE ~ burst rate

RAINL for amplitude*c':alcula.tion
RAINR for amplitude calculation
I*apﬁ'g's .

TCMRAIN  rain select
TCMHAIL.  hail select
VVE, ©  equivalent air speed .

YRANDNO) random number

3

fITIM slmulator , t'meze

Ouatputs  (INT'®)

. NOISEOS *© white noise outputs

NOILSEO:3

ﬁoism‘é Coo
"._CRASH _SCRAPE --
oot o r
Internal

[

© CRASHR3T crash reset flag

' COUNT4 \qunter 16 initialize crash

GEARCO .Ls collapse flag
DIST' sound distribution
" CRASH crash flag

RANDOM1O - aplitude for crash sound

[
r

«’ Im’l

\
~"  REAL

INT*2
INT*2-
. INT*2

INT*2

TGt

'REAL

ot

REAL

BYTE ' ..
INT*1
'BYTE

LINT2
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1

RANDOMO3A output amplitude = INT*2
RANDOMO3F output frequency . INT*2
CONTIN1lA output amplitude S INT*2
‘Inputs
TCMLTNG thunder &ffect flag BYTE
.. Outputs
CONTIN11  continuous thunder sound INT*2
RANDOMO3  random thundeér sound ‘ INT*2
-- VOLUME CONTROL --
Inputé
: A\ )
TCMSOUND - sound mute flag LOG*1
TRCLBT . byte control word-playback . BYTE
Qutputs
y N
VOLUME(I)" output to six channels ' ~INT'2
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s HP ANALYSER TECHNICAL SPECIFICATIDN
FREQUENCY AND TIME CHARACTERISTICS

Frequency Dq—d
Modes.
Pamband: Bandwidrh (BW, abou! center hequeﬂcy (CF)
1 Center Frequency (CF): 0 076 Mz to 25 kHz, nomuna!
CF Setabllity: Within 1.6 Hz of deured value, typsaally 0.0% Mz
below 250 Hz

Bandhwidthu (BW)- 16 selections from 0 8 Hz 1o 25 kM2 for CF
of 25 kM1 and below
Addinionat 16 selections from 0 008 Hz to 250 Hz for CF
" of 250 Hz and belowm
Range 31 < CH = BW 2 < 28 kHy
Baseband Af to bandwidth (BW
CF Specitying 8 CI selects baseband mode
W Same as for passband mode
Range Same a3 bandwidth
Reschmown (AM). Automatcath computed from bandwidth setecton
Range 16 uH7 1o YOO Hz
Tune Domain.”

Tiene Record Lengths (T) 12
32 00C seconds nomina'
Resoluton (i1} Automatically computed from T

Range 10 useconds 10 &4 seconds .,

selections from 0 005 seconds 10

MEASUREMENT CHARACTERISTICS

»

Me grutements Perlor
Tune Domain View input Channe! Y and Channe' 2 Time
Average Auto Correiation (Cross Correlation Ifmpulse Re
sponse  impulse Response 13 availabie ay pan of the transter
. function measurement
Frequency Domain Lingar Spectrum  Auto Power Specirum
Powe: Spectal Densitylior Energy Density Crons Power Spec
trum Power Speciral Denuty or Energy Density High Resolu:
tion Auto Spectrum  Transfer Funcion Coherence
Hintogram Probabilits Denuty funcuon -
‘ ) NOTE
Passband mode does not operate for ime record
linear specirum or hutogram measurements
Averaging Types All averaging types provide continuousiy cak
brated resuits and may be paused resumed or cleared by the
operator at any point in the messurement
Stable Equa’ weighting stops afier reaching selected number
of averages

faponential Suable up o number of averages selecied then -

QIpOﬂQ'ﬁlll
ages selected

Perak Channel Mold Moldi max value 1n each channel (Auto
Specirum only .

Peab Level Hold Folds specirum corresponding 1o mammum
value of cumulative channels 1Auto Spectrum only

Number of Avetages. hom 1 10 30 000 ensemble sverages

Signal Types

Sinusosdal Optimizes pﬂi amplitude sccuracy

Random Normalizes power 10 1 HI nowse bandwidth

Teanwent Normalizes energy 10 1 Hz none bandwidth for
transent analyss .

lmpact Same as frangient but allows preview of input sgnals
vefore analyss JI

with decay constant equal 1o number of aver

-~

Callbration. All measurements are fully aslibrated mcluding pro
winon for 3 user éntered calibration factor (K » CV/C1. for sach
channe! (K152) 10 pve resuin in engineering unm
LA
4
MEASURSMENT

BONAL TYTR
Randes Tromslavu

. Sheamebded

Auto Spectrum & v | X veait A f_!;.":".

Cron Spectrum - ) K Yewwd € K2 vrow? Y 2 Vi
N:‘ "

Transter Funcrior K2k

Coherence . Unit-lens

Lineit Spectium K vemy

Yirme Record [ 87

Auto Correlatior woN?

Crow Correlarior K1 K2 V2

[QHI-T 8 L

N

-k Range 1o «h Range

INPUT CHARACTERISTICS

tnput Channels Two — via BNC connecions
Input Impedance
front-Panel tnput 1 M{) shunied by <% pf
, Rear-Panel Input 1 M() shunted by <200 pf
tnput Coupling
Sengle Ended di or ac on each thannrhrpuueh at down 3 dB
a1 ) A1 nomma! '
Foating Difterentia' inputr dc only
Common Mode Repchon Ratwo. 265 98 below 120 M1 for difteren
ua' tioanng tnput
Mavimum Commbn Mode Yohage =10 vbis
Full-Scale Rangés =01 025 05 1 25 $ and 10 voits pess
Ampinude Flatness =01 dB over the entire frequency range
2005 08 1ypucal :
Channel-to-Channel Match
Amplrude =01dB 005 dB 1ypica!
Phase 5 degrees =2 degrees lypical
Trgger Modes
free Run with overlap processng Internal on esther input sig
nal External ac or dc =5\ ma level
Slope - of -
Level Adjustable from 0% 10 90% of full scate
Delay (ndependent deiays on each channel either pre o
post tnigger
Pre-trigger <71
Post-ingger < 40007
Resoluson: = At
Dynamix Range 275 dB for eachiull- suh rangeseting Measuted
by taking at least 16 averages of a minmum detectable signa’
in the presence of a full-scale n-band uignal with random sigra’
type selecied and a frequency separation between ugnals of a

least §% of the selected bandw.dth Includes distorion nowe |

and spurious signals caused by full-scale outside energy withir
200 kH: For passband mode the exact center of the pmbmc iy
reduced 10 265 dB from full-scale
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NOISE OUTPUT CHARACTERISTICS
Type: Brpadband random

Sandwidth:
Smcband Mede: Amplitude controlied dec 1o selected band
width -

Pamshand Mede: Amplnude controlied de to cemet frequency
Plus one-half the band wdhh, nomunally
Ouipnst Impedance: <1l nominal ot 1 hH;
Mazimum Output Current: =30 mA peat
Outut Level. Adjustable from 04 verm to 3§ Ve mlly
Ao 35 Vrms “cal position
Crest Factor. 25 1 typical

"DISPLAY CHARACTERISTICS

tumber of Tracer One or two — designated A gnd B

Display Formats full mngie trace . LUppet/Lower 1dus! trace |
Front‘Back .dual trace

Active Trace The active trace may be desgrated A B.or Aand B

Duplay Cunors Cursors are duplaved in full format as either »
Une o1 8 band on the X auis the ¥ Jan o1 both axes mmul
taneously Cursors may be swept via theit control heys o1 et 10
values eaplicitly entered by the opesstor

Omplsy Update Duplay v butfered and refteshed at the line fre
quenc, rate .

MISCELLANEOUS CHARACTERISTICS

Sel-Test A self-tesr lunction s provsded

MWP-IB Anoptional HP.IB interface navailable A redr-panel switch
seiecty tals only or addressable pperating modes HP-1B 1
Hewiet Pachard s implementanon of IEEl Standard 488 19°°
*Dignia inderiace lor Programmable instrumentanon

Remate Sart: Massurement may be ntiated by contact dasure
© ground va rest-panel BNC connecior

External Samgling A résr-pane! conneior n promded for an ex-
sarnal sampling ugnal st YT ievels The frequency provided musi
be four umes the deured range (YOD kM1 ungle, 78 k2 dual
chanrel manimum| imemal fikery say be switchad out
devred i

External CRT Ouput: Morizorw!, vertical and intenity outputs
are arowded to drive an externyl lprge mm dnplay Honizontal
and vertica! outpun provide a norungl range of 214 volt Inten.
$1ly Output provedes -4 volt to + Twolt Duplay must have 3
§ MHZ bandwidth |

Analog Plotter Output A rear-panel nibbon connecior provides

-+ horizontal verucal pen it and servo on/off outputs to an
analog ploner

GENERAL CHARACT!RISHCS .
Dwnensions 64 14 cm .28 25 n deep 4235¢cm 187510 wide

Mot cm WD in igh
Weight S2 kg MSiby: ¢
Power: 11OV 220 oplvom' 2)0\ S0 oov VA max (00 warts
mar  48-bb H2
i
OPTIONS .
918 23C vo!' operatior \

" fiont H‘.r\‘dnr et

for a4 compiete Int of 0DHOM dccersOnes ang prices consult the
$4J04 Ordering Informatar Cuide
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Tape transport mechenism .(‘”"':“'::"" "L’;A R . ]
3moto- tape 3rve 3 AL driven 3p00iING MOTDS ""9 il ad esLres vi tape
1 AC or wen capstan motor siet1ronica :"'3‘7'25;‘ better than 64 dB

atec . .
e . , L 7Y s bette tren 67 9B
. Quarer track .

Tape sowecs , " 37%ps betier then 60 dB

3753 903 75 1ps elecironic change-over n75 wn beter than 83 0B

Tolwarce from noming 2 02 %

W'n externa acoessory’ soeed verwble from . C?uulk (st 1000 Hz)
25 11 Stersophonic  batter than 45 9B

Monophonic  better then 60 0B
. .
Erse depth

Wow and fiitter
w 275 ps bette than 5 d8

(as per DN 455C7/consistent wrth IEEE
sancarg 1931871,

2375 ps 1t tha~ 01 %

1 75psims than D 08 %

inputs per chenne/!

MiC (unbalanced

eositiop L0 015mV /22 kohms

- for 50 600 ohms microphones

Ti /
e $/p pos 110 HI 28mv /10 kohms ‘
ma: 02 %
. N . for microphone mpecencas up 10
20 kohms
/ ’
. Row! 3170 RAbIO 28 mV / 20 kohrms

Ve 1c 10 5 1ach dameter

(mir hut dameter 2 36 inches ’ Aux 40 mv / 220 kohmy
Taoe ~ Oweri0a0 marg:n on sl inputs
lotlcnsnof | SR =o' bR 4098 (v 100 -
{for sma: hut diprre‘ers !
Outputs per chenne!

Windirg time
Approa 135 sec tor I60C 11 0 tape

[EN

{Leve a1 6 dB sbove O VU / 514 rAb/m»
OLTPY 155 v/ R, 3WC ohms
» mar 15 kohms
adjusisble wiih praaet contro
mex sttenustion —26 dB
RADID 155V /R, 47 kotms
afjusiable with presst contro!
mex stienustion =26 0B
PHONES (2xmex 56 V /R 220 ohms
shon circut! proot

Tape rremaport pontro!

integrate control I0g:C Witk 18pe ™O1ON M0
provioe: for any des.rea trans 10N betwee~ o
feren: pperating modes Contactiess ewectrdnic
swiiching of 8l motors Remote contro of 8"
functions and  slecinic LiMer  Operalicr  #re

poss b ]
QpLIMUM MatChing 1MPedance
- 200 600 ohms
Equelizetion Components )
. (ss per NAB ‘ R K ‘ 111C 1 Opto-couple’
375 s 90 usec ' 3185 “": 4 Trac 60 traresions 33 0iooes
75 s 5C usec 7 3180 use: .. . S LED 2Yuli wave rectifrers
Jrelavs

Frequency responee
(memsured va tape 8! =20 VU
13750 WHzr 16kkHz +2/-348 .EbcutcumWV

850 Hr 0krz 21508 100° 240V~ 210%
"7 5 X Hr 20kmz +2.-308 vOltage setector tor

S0 50z 1SkrHz 21508 . 100V, 120V 140V, 200 V.
: [y 220V, 2480V
Moot reconding leve! 50 80 H: withou! cormversion
514 nWb.'m corresponds 10 6 9B above O VU : max B0 wetts
i Main fuse 100 140V 1 amp siowbiow

Lave/ metering . 200 240V 0.5amp siowdiow
VU meter as per ASA s1andard with LED pask -
leve’ 1ndicators . . Wogh! soorox 17 kg / 37 03 7 018
Dutortion . Dumersiors W M x D= 452 x 414 x 207 mm
n 0 vy Ovu-6aB (1782163 x B 14 inches

{257 nWb/m) {514 N 'm: Reguired chamrance for 10 5" reels .
n37ps <1 % <25% max width 538 mm (21 2} ’
75 ps <06% <i18% max heght 4635 mm (18 25"}

: REVDX B77 TECWNICAL SPECIFICATION

e m— et a———— -

—
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Plotting the data we obtain the shapers presented in

figures 5.4, and 5.5. as well 'as the linear relationship

.

& . .
between the engine RPM and the frequencgkof its 4sound. Refer .
3 - ' : ' .3
to figures 5.47., and 5.48 .
rd
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