Week 10: The vented cabinet loudspeaker (part 1)
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Weekly fact about... your home town!

What's the best fact about your home town?



What are we covering today?

1. Transmission line loudspeaker

2. Vented cabinet design

3. Vented cabinet equivalent circuit

4. Mechanical motion and electrical impedance

5. Tutorial questions



Transmission line loudspeaker



Transmission line loudspeaker: OG (mark 2)

e The sealed cabinet is loaded by a compliant volume of
air. Causes a decrease in total compliance and
increase of resonant frequency/cut-off.

e How else can we prevent rear radiation interfering?

- Load driver with an infinite duct/pipe?
o |dea behind the transmission line loudspeaker.

e How does an ‘infinite duct’ effect the driver response?

e We need to find its acoustic impedance

-

Figure 1: Transmission line

Ay =77 (1)

loudspeaker. 3



Infinite pipe: acoustic impedance

e In pipes sound is assumed to be a plane wave:

P= Poej(wt:tkm) (2)

e From PoA (next semester with Olga) we know that the particle velocity and pressure

are related by Euler's eq:
dP du

r = —/10% (3)

e This is basically Newton's 2nd Law for a wave F' = ma



Infinite pipe: acoustic impedance

e Assume infinite pipe length with a travelling wave in one direction:

P, = PyelWt=ko) (4)
e From Euler's eq:
dP du . det (5)
o == |
dx PO ar dt po ) dx
e Substitute travelling wave
1 1
w=—L [ L p itk IF p etk _ —P, (6)

dx Jwpo poc



Infinite pipe: acoustic impedance

e We have the pressure velocity relation,

1
u=—PFP, (7)
poc

e The specific acoustic impedance is then

P
z=— = poc (8)
u

e The acoustic impedance (i.e. pressure over volume velocity)
U=uS — Zyj=—=—7 (9)

e This impedance is purely resistive!



Transmission line loudspeaker: acoustic loading

e The impedance of an infinite pipe is purely real - it
has no reactive part.

e Loading a loudspeaker by an infinite pipe (i.e. a
transmission line) will not change the resonant freq.

of the driver.

e Acoustic front load (same as before)

Zayp = Ray + jwMay (10)
e Rear acoustic load
poc
Do, = = 11
v = By ] (11) Figure 2: Transmission line

loudspeaker. 7



Transmission line loudspeaker: equivalent circuit

e No added compliance - no increase in resonant freq. fs; = f. - improved low freq.

response compared to a sealed cabinet.
e Absorbent material provides more or less anechoic back-load.
e Length of duct typically &~ \/2 - constructive interference between port and driver

2
(BL) Cuup

SLRE Rap Map

Rap

May

O

Figure 3: Transmission line equivalent circuit.



Vented cabinet design



Vented cabinet loudspeaker: the GOAT

Problem: sealed/transmission line cabinet

low frequency cut-off limited by f;
Solution: the vented cabinet +
Why?

- Extend the low frequency performance

- Control cone movement
- Utilise radiation from the rear

e How? +/ - (?)

- Take a sealed cabinet I

- Add hole with port (circular or rectangular)
- Cross fingers and hope it works? Figure 4: Vented cabinet loudspeaker.

e We want to use equivalent circuit theory to design a vented cabinet...



Vented cabinet loudspeaker: parameters

e Driver/diaphragm:

Map, Cap, Rap - mechanical mass,
compliance and damping Up

B

Mayp, Rayp - acoustic loading (piston) Map, Cap, Rap

Magp, Rafp Cap, RanB
e Cabinet: Up

-~

Up - volume velocity

Cap, Rap - compliance and damping

Ug - vol locit / /
B - volume velocity MAVv o

e Vent: Mavip, Ravip

MY, R, - mass and damping

Mav ¢p, Ravyp - acoustic loading

Uy - volume velocity Figure 5: Vented cabinet loudspeaker.
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Vented cabinet loudspeaker: a two DoF system

e The degree of freedoms (DoF) of a mechanical (or acoustical) system is the number
of independent parameters that define its configuration.
e Number of DoFs = number of resonant frequencies
e Sealed cabinet is a 1 DoF vibrating system:
- Velocity of driver Up
e Vented loudspeaker is a 2 DoF vibrating system:
- Velocity of driver Up
- Velocity of vent mass Uy
- (We also define the box velocity Ug = Up — Uy/)
e Vent mass adds an extra resonant frequency to the loudspeaker system...
e To determine the behaviour of a vented loudspeaker we need to analyse the 2 DoF
system. We will use an equivalent circuit approach.
- Really great MIT lecture on 2 DoF systems!
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https://www.youtube.com/watch?v=9CPA6WG6mRo

Vented cabinet loudspeaker: parameters

M Ay IUV
Up
Cap L=! fas Mys, Cas, Ras
Cap, RaB
I B
Mas Up
May, Ray, Uy  +~—

Figure 7: Vented cabinet loudspeaker.
Figure 6: Equivalent mechanical model. 12



Vented cabinet loudspeaker: box volume velocity

e Here is a link to an experimental example of
a 2 DoF system

- 2:40 — in phase motion (out of phase Up
driver/vent)
Mas, Cas, Ras

- 4:20 — minimum response of first mass

: . Cap, Rap
(maximum vent velocity) Us
- 8:20 — out of phase motion (in phase ==
driver/vent)
e Depending on frequency of excitation the May, Rav, Uy +~—

masses have different relative motions

e At resonance these motions are the natural

modes of the system Figure 7: Vented cabinet loudspeaker.
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https://www.youtube.com/watch?v=NojBd7ihEU0&t=1s
https://www.youtube.com/watch?v=NojBd7ihEU0&t=1s

Vented cabinet equivalent circuit




Sealed cabinet loudspeaker: equivalent circuit

e Sealed cabinet - single DoF - only one velocity/current
e Note that there is only one loop.

e All elements share the same current (or volume velocity).

(BL)®
S2RE

@] C
Rap Map ar Rap M ap A
Up Ras

VBL
SpRE

May

Figure 8: Complete equivalent circuit for lossless sealed cabinet.
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Vented cabinet loudspeaker: equivalent circuit

e Vented cabinet - two DoFs - three velocities/currents (including box Ug)
e There are now two loops!
e The supplied current Up is separated into Uy and Ug = Up — Uy

2
(BL) Cup

Up

VBL
SpRE

2Ray 2May

Uy Bav My

2RAv ¢

2M
Cip AV f

T

Figure 9: Complete equivalent circuit for vented cabinet.
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Vented cabinet loudspeaker: equivalent circuit

e To make life easier we can group all acoustic loading terms within the driver and
vent mass/damping
e To design a vented loudspeaker we will need to analyse this circuit (but not today..!)

(BL <
SLR

)2 C
E Ras Mas Uy
U
Up Rav
VBL Rag
SpRE
M
CAB AV
—

Figure 10: Simplified complete equivalent circuit for vented cabinet.
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Mechanical motion and electrical
impedance




Vented cabinet loudspeaker: diaphragm and vent velocity

/(7)\ 10_2 E T T T T T T EE
~ = =
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2 107°F E
'S E |
Ke) =

L |
[} 10 g E
E E Driver E
= r Vent B
>O 1075 [ [ —— !

10° 10t 102 103

Frequency (Hz)

Figure 11: Volume velocity of diaphragm and vent of vented loudspeaker.

e As expected we get two resonant frequencies in the diaphragm velocity

e How does this response translate the electrical impedance and radiated pressure? .



Vented cabinet loudspeaker: electrical impedance

60 T T T T 1717 T T 11717 T T 11717

Vented

Sealed

40

20

Impedance (£2)

O Lol | | T
10° 10* 102 103 104
Frequency (Hz)

Figure 12: Electrical impedance of vented and sealed loudspeaker.

e Large driver velocity — large back EMF — increased electrical impedance

e Two peaks in electrical impedance back system has two resonant frequencies
18



Electrical impedance: lower resonance

60 T T T TTTT] T T T TTTT] T T T TTTT] T T T 1110
e At lowest resonance [, cavity acts
‘rigidly’ - masses move together in phase :
D 1
e fr < fs due to added vent mass. S 4| !
e Driver and vent are 180° out of phase § E
- As the driver moves outwards, the mass 'g |
of the vent is sucked inwards g' 20 | E
- As the driver moves inwards, the mass - !
of the vent is pushed outwards fr \
o Destructive interference |eads to poor O Lol : Ll Lol Ll
radiation around f;, 10° 10! 102 10° 10*
e Large diaphragm velocity - increased Frequency (Hz)
electrical impedance due to back EMF Figure 13: Vented electrical impedance.
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Electrical impedance: lower resonance

60 T T T T T T T T T T T T T T TTT1T1T

Impedance (£2)
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L]
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Figure 14: Behaviour at lower resonance Figure 13: Vented electrical impedance.
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Electrical impedance: upper resonance

60 T T T T T T T T T T T T T T TTT1T1T

e At upper resonance fp the cavity acts
like a spring - masses bounce on the
cabinet compliance

e Driver and vent are 180° out of phase

- Mass-spring-mass move in opposite

Impedance (£2)

directions
- Driver/vent move in same direction

- Constructive interference leads to

0
109 10t 102 103 104

efficient radiation around fp

e Large diaphragm velocity - increased Frequency (Hz)

electrical impedance due to back EMF
Figure 15: Vented electrical impedance.
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Electrical impedance: upper resonance

60 T T T T T T T T T T T T T T TTT1T1T

Impedance (£2)

il

%00 10! 102 10° 10*
=)o+ ey (4]

Figure 16: Behaviour at upper resonance

Figure 15: Vented electrical impedance.
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Electrical impedance: minimum/Helmholtz frequency

60 T T T TTTT] T \\H:H\ T T T TTTT] T T T 11117
:fM

e The minimum frequency occurs at the |
Helmholtz frequency of the cabinet

e Up =0 — fy is independent of driver

e The driver velocity is fixed - vent mass is

Impedance (£2)

bouncing on a cavity volume

1 1
[ = —/——— 12
fA[ 27T MAVCAB ( ) O Lol Lol Ll Lol

10° 101 102 10° 10*
Frequency (Hz)

e Tiny diaphragm velocity - minimal back
EMF - DC resistance Zg ~ Rg
Figure 17: Vented electrical impedance.
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Electrical impedance: Helmholtz resonance

60 T T T TTTT] T \\H:H\ T T T TTTT] T T T 11117
:fM

Impedance (£2)

—
0
10° 10! 102 103 104
BRE ey (4]

Figure 18: Behaviour at Helmholtz resonance

Figure 17: Vented electrical impedance.
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Vented cabinet: pressure contributions

At Helmholtz resonance fj;:

- Driver output minimum
- Vent output maximum (most of the output)

At lower resonance fr:

- Driver/vent rigidly coupled and out of phase n
- Destructive interference causes sharp roll off -

e At upper resonance fg:

Total

Pressure (dB ref. pass band)

- Driver/vent bounce on cabinet compliance Driver
0 0 Vent
- In-phase and combine constructively —90 L\ |
1 2 3
e Above upper resonance: 10 10 10

- Vent mass inertia causes roll off in output Frequency (Hz)

- Driver only sees the cabinet and behaves like . o

. Figure 19: Vented pressure contributions.

sealed cabinet X
5



Sealed vs. vented cabinet response

—~~ T T T TTTT] T T T 1T
e Sealed cabinet: _(% 0 3 f—s,vented
- Poor low freq. response (limited by f; of ; YA
driver) 3 }
- Roll of is 12 dB/oct (this is a 2nd order w
effect) QE : i
e Vented cabinet: % 3 J-3.sealed
- Extended low frequency response due to é l —
vent contribution § 1 Vented
- Roll of is 24 dB /oct (this is a 4th order a9 i m—l
effect due to the 12 dB/oct for both driver 101 107 10°
and vent) Frequency (Hz)
e Check out this video! Vented sub in action. Figure 20: Sealed vs. vented cabinet response

for the same driver. 26


https://www.facebook.com/watch/?comment_id=3023283664605510&v=630433874641819&notif_id=1636649627325292&notif_t=comment_mention&ref=notif

Tutorial questions




Tutorial questions

Click to open tutorial questions!
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Tutorial 8 - Sealed Cabinets

Loudspeaker and Microphone Design - University of Salford

Question 1

A 165mm diameter loudspeaker has a free-air resonance f; of 45Hz, a total
moving mass Mg of 11g and a free-air Q-factor Qg of 0.65. Assume that
1) the total acoustic mass of the sealed cabinet M 47 is equal to the acoustic
mass of the driver alone M 45 and, 2) the total acoustic damping of the sealed
cabinet R 47 is equal to the acoustic damping of the driver alone R 45 (i.e.
there is negligible damping in the cabinet).

a) Calculate the combined resonant frequency f. of the driver when mounted
into a sealed cabinet of volume 70 L, and the combined Q-factor Q. You
may assume that the total moving mass and the total resistance remain
constant.

b) What cabinet volume is required to raise the combined Q-factor to 1.1?
What would the combined resonant frequency then be?

Question 2

A 165mm moving-coil driver has a free-air resonance f; of 47 Hz, a total
moving mass (incl. air load) Mg of 16 g, a free-air Q-factor Qg of 0.54, a
DC resistance R of 6.6 Q and a force factor BL of 7.2 NA™ L.

a) What sealed cabinet volume should this driver be mounted in, in order to
achieve a Butterworth low-frequency response? You may assume that the
total moving mass and the total resistance are the same both in and out of
the cabinet.

b) Calculate the combined resonant frequency and combined Q-factor if
a box of 30 L volume is used. What is the response at f. relative to the
reference region?

Question 3

A 225mm moving-coil driver has a free-air resonance fs of 75 Hz, a free air
Q-factor Qrg of 0.7 and a total moving mass (inc air load) Mg of 12 g.

a) What is its compliance?

b) Calculate the combined resonance frequency f. and the combined Q-
Factor Q7¢, when this driver is mounted in a 60 L sealed cabinet.

c) With the driver in the cabinet, what is the predicted response at f, relative
to the reference value?

Figure 1: Seal cabinet loudspeaker.

Key equations:

1
We =
° \' MasCas

Qrs =

Car =
AT ™ Cap + Casp

CapCas

M

@)





		Question 1

		Question 2

		Question 3




e Circuit analysis and design procedure for vented cabinets.

e Reading:

- Vented cabinet. Lecture notes Sec. 8.3
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