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ELECTRO ACOUSTIC ANALOGIES IN MATLAB ENVIRONMENT

Ji¥i Kuli ¢kat

Analogy is a cognitive process of transferring miation from a specific object (source)
to another specific object (goal), in this case m3em mathematical similarity between different ptsis
systems and processes. This article deals witm#thod of calculating the resonant frequency acoust
system on the basis of electro acoustic analoggedan isomorphism various physical systems -
electrical, mechanical, hydraulic and electro atoufcoustic systems can be created by combirhieg t
individual components, like electrical circuits amechanical and hydraulic systems. The acoustic
resonance in the system always takes place wheasitlternating power and its impact coincides with
the natural frequency of vibration.

The article created electro acoustic model of flutich is studied using a computer model
in an environment of Matlab and Simulink. The modelrks by calculating the acoustic impedance,
which is determined by the resonant frequenciessoRa&nce occurs always in zero point graph
of a function, the impedance changes its value fnegmative to positive.

This model leads to very decent results when wepeoed the theoretical values of resonant
frequencies with calculated. The possibility of emsmental investigation of acoustic systems,
the equivalent electrical circuit is in economiens, time and according to the results and accuracy
of better solutions than the investigation of thewn systems. The model can be used to design
dimensions of the flutes and other acoustic system® improve their debugging.

Key words: auditory system, resonant frequency, electro amasilogy, electro acoustic model, flute,
Matlab, acousticimpedance

1 Introduction

Currently requirements for quality of acoustic syss, musical instruments and sound devices grow.
Their issues are very broad and complex. This maldel has quite complex theoretical basis.

The aim of my paper is to create a computer moti#ie acoustic system to determine its resonant
frequency according to measured parameters.

Electro acoustic analogies are the basis of det@ngniof resonant frequencies method. On the basis
of the acoustic and electrical engineering, | heneated an electro acoustic model flute which uslist
in environment of Matlab.
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2 Acoustics scheme and electro acoustic analogy

Using the electro acoustic analogy scheme of amooah be converted to an equivalent electricaiudtr
PartA —cavity of head of flute — equivalent to acousticapacitance, paB —body of flute — equivalent
to acoustic and pa@ —opening the mouthpiece — equivalent to acoustie@asnTheir impedances can be
markedZa, Zg andZc, as shown in figures 1 and2. is the impedance of the end of the whole flute.

C -
_A______._____B_l(__z’ __________ ZAJ_ Z ?Z1
[ i -
Figure 2 Figure 3

The resulting impedancgis calculated as shown in Figure 2:
z=7,+ 2% (1)
ZA + ZB

Oscillations of flute are controlled by open—spgatve. Acoustic impedance is defined as a ratio of
pressure and velocity, thus resonance occurs aimmax speed, i.e. with minimal impedance. To
simplify we are considering that the total impedarscequal to zero [2].

3 Impedance of parts of acoustic system

Impedances as complex numbers will be marked vagital letters and small ones will refer to their
imaginary part.

3.1 Impedance of cavity of head »Z

Cavity of head of flute is an acoustic capacitariae calculate the acoustic capacitai@;eaccording to
[6] is set equation:
VvV R
C= E = szo . (2)
WhereV is in this case capacity of head of flute and itlésigned by formula/=zRpo, R is radius
of the body of flutepy is head length of flutg, is air density and is speed of sound.

Acoustic capacitance corresponds to analogieseotrel capacity. Its impedance is calculated:

2

= 1 = P =—j e =
A iaC iaBR  2mPR*fp,

2

=iz, . (3)

Wherew =2zf is a circular frequency, is a frequency anidis a complete unit.

3.2 Impedance of opening mouthpiece

Opening of mouthpiece is an acoustic mass. To ltacoustic madd according to [4] is set equation:
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4
p(d15 + 5 rlSj
s

Wherep is air densityd;s is thickness of mouthpiece is radius of a hole of mouthpiece see Figure
3 and diagram A.

s 17T

Figure 4

Acoustic mass corresponds to electro acoustic gieaoof electro inductance. Its impedance is
calculated:

4 4
p(dw +3r15j pr(dw +3r15j 5
Z, =iaM =i >/ = : =iz )
nlS r.15

3.3 Impedance of end-hole off lute —Z

According to [4], impedance of the end of tubeqaa to:

Z, = %kfRi , after treatmeri, = J,26%i =hj = B,. (6)

Wherep is air densityc is speed of soundk =& is wave constantf is constant and according to
c

[3] is its value for open tube with no outer edgedqual to 0,63.

3.4 Determination of impedance of tube using terminahpedance

A

z:8

Figure 5

Resulting impedance of tube according to figuract¢ording to [7, 8] is equal to:
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_ pc Z,Scoskl +ipcsink
S pccoskl +iZ,sinkl
through all integers, is

, after treatment, provided thdt# = / 2 + ar, wherea comes

bl + £ tgkl 0
Z=

1 bl—tgkl
fo.o

Wherep is air densityc is speed of sound =& is wave constant, S is end-hole of flute aias
Cc

end-hole of flute impedance abgis imaginary part of end impedance.

4 |Impedance of body of flute — £

To determine the impedance of body of flute | mdsntify the sequence of flute impedan%&;&}'j‘:l,

wheren denotes the number of open holes in various toh&such. The first member of the sequence is
determined by the impedance of the end of holevdérin part 3.3. To determine the next member Itmus

always determine even sequer{m§}?:l, sequence impedances of open holes{@’}]ﬂ:l, which is a

sequence of impedances between particular opers.hdolee member of the sequerigg get passing
parallel impedances &y andZy.

The calculation procedure is possible to observ@hart A and Figure 5.
The first step - all openings closed:

B, =Z =hi
The second step - one hole opened:
4
,o(d2 +3r2j b1+ pe 5 tgkl,
M, =iw——-—F—==im, Z, —|—2=i22
i, _ bR
tgkl,

2 2
ZZ+M2 22+rn2

N-th step - n-1 holes opened, see Figure 5 andt@har

4 +2
Yo, n+§rn bn + = tgkl
My =iw——=— =im, Z, =i— 7R2 =iz,
T 1—7”‘1 tgkl,
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Figure 6

This determines the sequence of impedar{@]s?:1 by its n-th member. | can calculate impedance

Zgn by substituting into (7) fab; = by.;. Forn opened holes is equal to:

14
by_y +7';;tg{k(ll5 + Z|jﬂ
=izgy . (8)
7R2 14
1_ bN—lmtg{k(llS + Z | j j}

Where p is air density,c is speed of soundk =— is wave constantR is radius of flutej is a
o

complex unit andby is an imaginary part of impedance of sequéB;}Tﬂ:l.

Zgy =i

5 Total impedance of acoustic system

Zgyn Substituting into (1) we get:

Z :ZC + ZAZBN ZI(ZC + ZAZBN j (9)
ZA + ZBN Z) ~ Zgy

Wherez:, za andzgy are imaginary parts of impedance of different paftflute.

6 Field of touches of fundamental tone of flute

A ¢l cisd dise f fis g gisa aish c2cis2
Paay

7 -
A El
P a
e o
& .
Y 8
\1Ij ~
o Ll 5
o i
\.:J’ w
o e
oy d
- 8
R o
H 2

Figure 7 Touches of fundamental tone and pitchshislenm
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Figure 8 Constants audio system and method of legilcn, h =, =, =0

8 Table dimensions

Dimensions are given in meters, marking accordinghart A. Size = 0.05 m.
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Table 3
o r
1 0 0

5 0,04 0,007
25 65

3 0,03 0,007
6 65

4 0,03 0,007
25 65

5 0,03 0,006
15 5

6 0,02 0,006
95 5

7 0,02 0,006
75 5

8 0,02 0,006
5 5

9 0,02 0,006
5 5

1 0,02 0,006
0 3 5

1 0,02 0,006
1 15 5

1 0,02 0,006
2 1 5

1 0,01 0,006
3 9 5

1 0,03 0,003
4 15 5

1 0,23 0,004
5 05 5

9 Calculations

Calculations are due complexity of program impletadnn Matlab environment.

9.1 Matlab

Matlab is an integrated environment in which matagoal calculations, modelling, analysis and
visualization of data, measurement, measurementdata processing, creation of algorithms, design
management and communication systems and moreecaerfbormed. It contains following basic parts:
computing core, graphics subsystem, working totas|boxes and others. The basis is computational
core, performing numerical operations with matricésreal or complex numbers. Graphic subsystem
allows easy viewing of the results of calculatioéorking tools allow full application programming.
Toolboxes are libraries of functions and they arented to specific disciplines.

In my work | used so-called m-files, which are atiyitext files that are used to write sequences of

commands that can Matlab execute.
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9.2 Example of m-file for tone fis

Editor - €:\So fisl.m®

fle Edit Text Go Cell Tools Debug Desktop Window Help w|ax
- oh b | B - @R R W BB | stk pae Enp=R=d(s]

B - [+ 2 [ x |«HeE @

1 Ston fisl - =

2 fixonscancy B

3= ro=1.2 0.0085;c=344;p0=0.05; ks1=0.83;£=210;

A

5 3pols delsk upravens

f 7 L=[0 0.0425 0.03¢ 0.0e4 0.057 0.025 0.025 0.023 0.0215 0.021 0.019 0.0315 0.2305]:

= P=[0 0.D07&5 0.007&5 0.00785 D.00D&5 0.00&5 0.00&5 0.00&5 0.0065 0.00&5 0.00&5 0.00&5 0.0065 0.0035 0.0041]:

8-  D=[0 0.003 0.003 0.002 0.002 0.002 0.002 0.00Z 0.002 0.002 0.002 0.002 0.002 0.001 0.00&]:

g - B=<[000D000C0D0D00O00D]I;M=[0D0OC0O0D0000000D0];A~[0000D0D00C0CCOD00O0DDO];

10 — IEn=[0 0 00000 OD0D00O0O0D0D0]:

11 Ivypocet

2 soucet=0;

13- [ for men+2:13

14 - soucet=soucet+l (m) ;

15 = - end

16 — [lwhile £<1410

A ka=2*tpi*f/c;

18 — e=(ro*c)/ (pi*RE*RE) ;

19 — B(1)=(rosctkatksi)/ (pi7RT) ;

20 — ZA=—(ro*c*c) / (2%pifpi*RE*RE*£*p0) ; A

2L - ZC=2*ro*f* (D (15)+4*R(15)/3)/ (R(15) *R(15)): 7

2= [ for j=Z:in+l

23 = H{3) = (ro*2*pi*E™ (D (3)+4*R(3)/3) )/ (Pi*R(J) *RiI));

24 - A(3)=(B(j-1) +e*can (ka*L(3)))/ (1-(B(3-1) *ran(ka*L(i) ) /e)):

25 = B(3)=M(3) "A(3)/ (Mid) +A(3) )

28 — s=ka*soucet;

27 - si=tan(s):

28 — cita=B(q)+{e*s1);

28 = Jm=(1-(B(3) *s1) /=)

30 — ZBnij)=cita/jm;

AL = I end

3z - Z=2C+(ZA*ZBn(3) )/ (ZA-ZBn(d)) ;

33 — if abs(Z)<20000000

35— hold on

35 — grid on

36 — plot ([0, 1450],[0,0], k')

37 = plot (£, Z,'a')

38 — =nd

30: = £f=£f40.1; B

- lena =

| seript fth 2 co 1 |

Figure 9 Calculation of impedance curve in Matlab

9.3 Example of impedance curves for tone fisl (impedartependence on frequency)

File Edit View Insert Tools Desktop Window Help o

NEAL b [RRUDEL-[S(0EB =D

i : i
0 500 1000 1500

Figure 10 Impedance curve for tone fisl
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Figure 11 Detail from Figure 9, where curve intetsex-axis

9.4 Table of results

Table 4
Tone theoretical calculated value mistakes deviation in
Results values (Hz) (Hz) (Hz) cents
|15:V\(/)I.t2305 1st 2nd 1st 2nd 1st 2nd 1st 2nd
= octave | octave| octave] octave | octave| octave] octave| octave
261. 261.
cl 5 523 4 532 -0.1 9 0 21
275.
cis 277 554 9 562.6 -1.1 8.6 -5 19
293.
d 5 587 293 599.2 -0.5 12.2 -2 25
311.
dis 311 622 2 638.3 0.2 16.3 1 31
329. 329.
e 5 659 3 676.9 -0.2 17.9 -1 33
348. 349.
f 5 697 7 721.9 1.2 24.9 4 43
369.
fis 370 740 2 763.6 -0.8 | 23.6 -3 38
393.
g 392 784 7 819.3 1.7 35.3 5 54
418.
gis 415 830 8 875.3 3.8 45.3 11 65
436.
a 440 880 4 915 -3.6 35 -10 48
463.
ais 466 932 4 976.2 -2.6 | 44.2 -7 57
493. 1044.
h 494 988 2 1 -0.8 | 56.1 -2 68
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104 524. 1115.

c2 523 6 3 8 1.3 | 69.8 3 80
120 597. 1282.

Ccis2 586 8 6 3 11.6 | 74.3 24 74

We can see in Table 1 that in the first octave aesonate quite well in line with theoretical \edu
Deviations of a few cents are not perceptible dweexperienced hearing music. Exception is ton2 cis
added higher of 24 cents. This corresponds to ipeabecause flautists complain about this tone ithat
sounds higher. There should be appropriate to ntoséole when manufacturing instruments.

Table 5
Tone theoretical calculated mistakes deviation in
Results with]  values (Hz) values (Hz) (Hz) cents
|1?1—52,62 %50532 1st 2nd 1st 2nd 1st | 2nd 1st | 2nd
m’ octave | octave] octave] octave | octave| octave] octave] octave
261.
cl 5 523 - 518.8 - -4.2 - -10
cis 277 554 - 548.4 - -5.6 - -12
293.
d 5 587 - 583.9 - -3.1 - -6
dis 311 622 - 621.9 - -0.1 - 0
329.
e 5 659 - 659.4 - 0.4 - 1
348.
f 5 697 - 703 - 6 - 10
fis 370 740 - 743.6 - 3.6 - 6
g 392 784 - 797.6 - 13.6 - 21
gis 415 830 - 851.9 - 21.9 - 32
a 440 880 - 903.3 - 23.3 - 32
ais 466 932 - 964.5 - 32.5 - 42
1032.
h 494 988 - 5 - 44.5 - 54
104 1104.
c2 523 6 - 3 - 58.3 - 67
120 1248.
cis2 586 8 - 8 - 40.8 - 41

Because calculated frequencies in the second oataveigher than theoretical ones, it is necedsary
tune instrument by extension of a part markedhatselected extension by 0.5 cm to 0.2355 meters). |
have also chosen a smaller radius hole of mouthecause flautists stress chops when playing highe
tones thereby they reduce area of hole $r0.0033 meters). Using these values | achievedpdable
results as can be seen in Table 3.

For tones from g2 higher, | proceeded one morentdas = 0.245 m.
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Tone theoretical calculated mistakes deviation in
Results with] values (Hz) values (Hz) (Hz) cents
I15:O,245m
r1:=0,0033 1st 2nd 1st 2nd 1st 2nd 1st 2nd
= octave] octave| octave| octave | octave| octave] octave] octave
g 392 784 - 778.8 - -5.2 - -8
gis 415 830 - 830.4 - 0.4 - 1
a 440 880 - 885.3 - 5.3 - 7
ais 466 932 - 943.9 - 11.9 - 15
1008.
h 494 988 - 9 - 20.9 - 25
104 1077.
c2 523 6 - 2 - 31.2 - 36
120 1199.
cis2 586 8 - 9 - -8.1 - -8

9.5 Graphs of deviations calculated from theoreticalluas

Deviations of calculated and theoretical values in cents for 1,5=0.2305 m

30
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/24

Deviations of calculated and theoretical values in cents for | 15:0.2355 m
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Deviations of calculated and theoretical values in cents for | ,=0,245
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Graph 3

10 Conclusion

Comparing theoretical and calculated values, shewn that this method of calculation leads to very
good results. It is seen that lower tones tendotind lower and higher tones tend to sound higher.
Therefore flautists have to choose a compromisefiapetune by ear, by relaxing or stressing thewops
(increase or reduce space between lips and mouthp@apted to size of area). We can see thatrte fi
octave of tones agrees quite well with theoreficauencies. Differences of a few Hz are not peibkp
even by a trained ear. Tones of the second octawe §2 up sound higher and therefore a flautisteeit
stresses his/her chops, thereby frequency of tenesduced or it is fine-tuned by pulling head lotté,
which | marked L15 and thereby instrument becomdsneled, thereby frequency of tones decrease.
These conclusions, however, agrees very well widictice and also with conclusions of J.W. Coltmanna
who carried out experimental measurements andi@ggsthis [1].

My theory is based on fundamental relationship betwacoustic units which are derived in literature
by experimental way and therefore not entirely aatu It is possible that some inaccuracies areexhu
by this factor. Impedance is generally a complemiber but there is always based on a purely imaginar
one. It is due to the fact that literature negleetd component of the end impedance [3]. If theyptsd to
see more accurate results, it is necessary towi#ialthis problem to determine precise relations fo
individual acoustic units, to learn what change&ttion and moving a hole could influence, whataotp
on resonant frequency acoustic friction and mahgioéffects could have.

The work followed the use of results in practicartiker investigation of this model may help in the
future to design an ideal musical instrument theg bptimized dimensions so as to avoid influence of
imperfections of a musician who plays it, and gfeaf environment where the instrument is playdte T
model can also be used in areas where it is nagessalesign acoustic system which has desired
frequency noises.
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