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VEHICLE SPEAKER ARRANGEMENT

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. provisional application Serial No.
62/109,013 filed January 28, 2015, and U.S. provisional application Serial No. 62/114,343 filed
February 10, 2015, the disclosures of which are hereby incorporated in their entirety by reference

herein.

TECHNICAL FIELD

[0002] The present disclosure generally relates to loudspeakers systems having at least
one bass-range, low frequency speaker. More particularly, the present disclosure relates to

vehicles having a bass-range speaker.

BACKGROUND

[0003] Woofers are utilized in audio systems for the reproduction of bass-range, low
frequency sound. One example is European Patent No. EP2077680 by Harman International

Industries.

SUMMARY

[0004] In the present disclosure, a woofer is mounted at a location and controlled to
provide optimum bass-range sound in a vehicle. In one embodiment, an audio system for a
vehicle is provided with a woofer speaker having a front side for producing a required bass-range
acoustic output in a passenger compartment of the vehicle and a back side having an infinite
baffle. The audio system includes a bass-compatible speaker disposed in the passenger
compartment of the vehicle. A controller is in communication with the woofer and the bass-

compatible speaker and is programmed to distribute the required bass-range sound output to the
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woofer and the bass-compatible speaker based on at least one of a vehicle speed and a sound

output level of the audio system.

[0005] In another embodiment, the bass-compatible speaker includes a sealed speaker
enclosure that is not in fluid communication the environment outside the vehicle. The woofer
does not have a speaker enclosure and the back side of the woofer is adjacent at least one of a

vehicle fuel tank, an engine and a vehicle transmission driveshaft.

[0006] In another embodiment, the controller is programmed to determine a current
sound pressure level in the passenger compartment of the vehicle based on an average input

voltage to an amplifier.

[0007] In another embodiment, the controller is programmed to determine a current
sound pressure level in the passenger compartment of the vehicle based on an average input from

a microphone disposed in the vehicle passenger compartment.

[0008] In another embodiment, the infinite baffle of the woofer does not include an

enclosure so that the back side is in fluid with an environment outside the vehicle.

[0009] In another embodiment, the controller is programmed to redistribute the required
bass-range acoustic output from the woofer to the bass-compatible speaker if the vehicle speed is

less than a threshold speed.

[0010] In another embodiment, a bass-range acoustic output from the woofer is generally

equal to a redistributed bass-range acoustic output from the bass-compatible speaker.

[0011] In one other embodiment, a method of controlling an audio system in a vehicle is
provided. The method includes operating a woofer speaker to provide a required bass-range
acoustic output. Vehicle data indicative of a vehicle speed is received. A current sound pressure
level in a passenger compartment of the vehicle is determined. The method operates a bass-
compatible speaker to provide at least a portion of the required bass-range sound output if at least
one of the vehicle speed is less than a threshold speed and the current sound level is greater than

a threshold volume.
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[0012] In another embodiment, the method includes operating the bass-compatible
speaker to provide at least a portion of the required bass-range acoustic output if the sound
pressure level is greater than a threshold volume and the vehicle speed is less than the threshold

speed.

[0013] In another embodiment, the method includes operating the bass-compatible
speaker to provide all of the required bass-range acoustic output if the vehicle speed is less than a

secondary threshold speed.

[0014] In another embodiment, the method includes increasing the required bass-range
acoustic output to the bass-compatible speaker at a redistribution rate being proportional to a rate

of deceleration of the vehicle.

[0015] In another embodiment, the method includes operating the bass-compatible
speaker at a redistributed bass-range acoustic output that is generally equal to the required bass-

range acoustic output previously provided from the woofer.

[0016] In another embodiment, the method includes restoring the woofer to provide the
required bass-range acoustic output when the vehicle speed increases to above the threshold

speed.

[0017] In one other embodiment, a speaker arrangement for producing bass-range sound
in a vehicle is provided. The speaker arrangement includes at least one woofer mounted to a
vehicle body structure. The woofer includes a front side in fluid communication with a passenger
compartment to emit sound into the passenger compartment. A back side of the woofer is in fluid
communication with an environment outside the passenger compartment, wherein the back side
of the woofer is not contained in a speaker enclosure, thereby improving bass-range sound in the

vehicle and reducing vibrations.

[0018] In another embodiment, the speaker arrangement includes a second woofer
mounted so that a back side of the second woofer faces the back side of the first woofer. The
back side of the second woofer is in fluid communication with the environment outside the

passenger compartment.
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[0019] In another embodiment, the back side of the woofer is adjacent a vehicle fuel
tank.
[0020] In another embodiment, the woofer is mounted to a firewall and a back side of the

woofer is adjacent an engine of the vehicle.

[0021] In another embodiment, the woofer is mounted to a transmission tunnel and the

back side of the woofer is adjacent a vehicle transmission shaft.

[0022] In another embodiment, a second woofer is mounted on an opposite side of the
transmission tunnel and oriented so that a back side of the second woofer faces the back side of
the first woofer, the back side of the second woofer in fluid communication with the environment

outside the passenger compartment.

[0023] In another embodiment, the woofer is mounted to a vehicle floor pan.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIGURE 1 illustrates a schematic view of an audio system according to an

embodiment of the present disclosure.

[0025] FIGURE 1A illustrates another schematic view of an audio system of Figure 1.
[0026] FIGURE 2 illustrates a method of controlling the audio system of Figure 1.
[0027] FIGURE 3 illustrates a schematic side view of a vehicle including a portion of the

audio system of Figure 1.

[0028] FIGURE 4 illustrates a detailed section view through section 4-4 of the audio

system and vehicle in Figure 3.

[0029] FIGURE 5 illustrates a detailed section view through section 5-5 of the audio

system and vehicle in Figure 3.
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[0030] FIGURE 6 illustrates a back side view of a portion of the audio system and

vehicle in Figure 3.

[0031] FIGURE 7 illustrates a top view of the portion of the audio system and vehicle in
Figure 6.
[0032] FIGURE 8 illustrates a side view of a portion of the audio system and a vehicle.
[0033] FIGURE 9 illustrates a top view of the portion of the audio system and vehicle in
Figure 8.

DETAILED DESCRIPTION
[0034] As required, detailed embodiments of the present invention are disclosed herein;

however, it is to be understood that the disclosed embodiments are merely exemplary of the
invention that may be embodied in various and alternative forms. The figures are not necessarily
to scale; some features may be exaggerated or minimized to show details of particular
components. Therefore, specific structural and functional details disclosed herein are not to be
interpreted as limiting, but merely as a representative basis for teaching one skilled in the art to

variously employ the present invention.

[0035] The term woofer may mean either a subwoofer or a traditional woofer.
Subwoofers and traditional woofers operate in the bass-range. In general, the bass-range is a low
frequency range, which may be around 20 Hertz (Hz) to 400 Hz. In the bass-range, subwoofers
generally emit sound between 20 Hz and 200 Hz, and traditional woofers generally emit sound
between 40 Hz and 400 Hz. As used herein, the term woofer could be a subwoofer or a

traditional woofer.

[0036] As is known in the art, woofers to produce the bass-range are generally large
speakers. Therefore, mounting such large speakers in a vehicle can present a challenge due to
packaging issues. To accommodate the large woofer speakers in a vehicle, often the woofer is
mounted in a sealed housing, and the housing is placed into a trunk area of a vehicle. Sound

emitted from this the sealed woofer in the trunk may be discharged through a vehicle passenger

5
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compartment wall or through the vehicle to a space in the passenger compartment. However, this
arrangement may not produce optimum base range sound in the passenger compartment of the

vehicle.

[0037] One way of improving the bass range sound in a vehicle is to provide a woofer
where the front side of the woofer is generally in fluid communication with the passenger
compartment of the vehicle, and the back side of the woofer is in fluid communication with the
environment outside of the passenger compartment. The front side of the woofer refers to the
sound emitting side of the woofer. The environment outside of the passenger compartment may
be in fluid communication with the atmosphere outside of the vehicle or may be a defined space

outside of the passenger compartment.

[0038] When the back side of the woofer is in fluid communication with the atmosphere
outside of the vehicle or is in fluid communication with an enclosed chamber with a large
volume, such as approximately greater than twenty liters, the woofer is considered to have an
infinite baffle. One benefit of the open environment, or infinite baffle, is that undesirable
resonance in the woofer is reduced because sound waves emitted from the back side of the
woofer do not interfere with sound waves emitted from the front side of the woofer.
Additionally, another benefit of the open environment, or infinite baffle, is that strain in the
diaphragm is reduced because the back side of the woofer vents to the outside atmosphere. As a
result, the woofer having an infinite baffle produces a higher sound pressure level (SPL) at low

frequency ranges.

[0039] When the back side of the woofer is in fluid communication with the outside
environment, sound waves emitted from the back side of the woofer may cause noise or
disturbance outside the vehicle, which may be more noticeable when the vehicle is operated at a

low speed or is stopped.

[0040] As shown in Figure 1, an audio system 10 is illustrated in the passenger
compartment 14 of a vehicle. The audio system 10 includes a plurality of speakers for
reproducing sound, including at least one woofer 20. The woofer 20 has an infinite baffle where

the front side 22 of the woofer is in communication with the passenger compartment 14, whereas
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the back side 24 of the woofer is in fluid communication with the environment outside the

passenger compartment.

[0041] The woofer 20 is configured to produce bass-range sound 34. The audio system
10 includes at least one other bass-compatible speaker 26. The bass-compatible speaker 26 is
designed to at least emit sound in a portion of the bass-range in addition to emitting frequencies
outside of the bass-range. The bass-compatible speaker 26 is not in fluid communication with the
atmosphere surrounding the vehicle and therefore, less likely to emit undesirable sound outside
the passenger compartment. The audio system 10 may also include other types of speakers 28.
The speakers 26, 28 may be any of various types of devices configured to convert electrical

signals into audible sound waves.

[0042] The audio system 10 also includes a control unit 30 that is in communication with
each of the speakers 26, 28 and the woofer 20. The audio control unit 30 could be part of the
head unit, infotainment system or may be an amplifier. Alternatively, the audio control unit 30
may be located in an amplifier of the audio system. The audio control unit may include one or
more processors 34 configured to perform instructions, commands and other routines in support
of the processes described herein. Such instructions and other data may be maintained in a non-
volatile manner using a variety of types of computer-readable storage medium. The computer-
readable medium 36 (also referred to as a processor-readable medium or storage) includes any
non-transitory medium (e.g., a tangible medium) that participates in providing instructions or
other data to a memory 38 that may be read by the processor of the audio control unit 30.
Computing devices described herein, such as the audio control unit 30, generally include
computer-executable instructions, where the instructions may be executable by one or more
computing devices such as those listed above. Computer-executable instructions may be
compiled or interpreted from computer programs created using a variety of programming
languages and/or technologies, including, without limitation, and either alone or in combination,

Java™, C, C++, Visual Basic, Java Script, Perl, etc. In general, a processor (e.g., a

2

microprocessor) receives instructions, e.g., from a memory, a computer-readable medium, etc.,

and executes these instructions, thereby performing one or more processes, including one or
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more of the processes described herein. Such instructions and other data may be stored and

transmitted using a variety of computer-readable media.

[0043] The control unit 30 is also operatively configured to receive vehicle input data 32.
Vehicle input data 32 may be data indicative of the vehicle speed as well as other vehicle data

which may be required by the audio system.

[0044] The audio control unit 30 controls bass distribution in the audio system 10. The
audio control unit further includes a digital signal processor 34 for implementing a digital signal
processing (DSP) algorithm. As shown in Figure 2, the control unit 30 for the audio system
implements a DSP algorithm 40 for managing bass distribution that may be emitted outside of a

vehicle.

[0045] In step 42, the sound pressure level in the passenger compartment is determined.
In the vehicle, the audio control unit 30 may determine sound pressure level in the passenger
compartment. Alternatively, a system separate from the audio control unit may determine sound
pressure level in the passenger compartment. In either scenario, the determination may be an

approximation of sound pressure level.

[0046] To determine sound pressure level via the audio control unit 30, the audio control
unit may monitor voltage into the amplifier. The audio control unit 30 can average the voltage
into the amplifier over time. From there, the audio control unit 30 can relate the average voltage

in to the sound pressure level (SPL) in the passenger compartment.

[0047] The relationship between voltage into the amplifier and sound pressure level in
the passenger compartment may be determined via a lookup table, which can be populated
during a test of the audio system and stored in a memory of the audio control unit. To determine
a reading of a sound pressure level based on a particular voltage into the amplifier, a test
microphone and an analyzing device, which could include an analog-digital-converter, a
processor, a digital-analog-converter, a memory, or other suitable device for measuring sound
pressure level. The particular voltage into the amplifier ultimately results in the emission of

sound by the woofer and any other speakers, such as the bass-compatible speaker. The sound
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pressure level reading and the particular voltage into the amplifier may be linked and stored in
the lookup table. That process may be repeated essentially for other voltages into the amplifier.
When a value of the average voltage into the amplifier matches a value in the lookup table, the

audio control unit is able to determine the corresponding sound pressure level.

[0048] Alternatively, the sound pressure level in the passenger compartment may be
determined directly using a microphone 43 and an analysis device, such as an analog-digital-
converter, a processor, a digital-analog-converter, a memory, or other suitable device for
measuring sound pressure level. The audio control unit 30 may be in communication with the
microphone and analysis device and can determine the sound pressure level in the passenger
compartment in real-time. By evaluating the sound pressure level in the vehicle with the
microphone 43 in real-time, other factors may be accounted for, such as when the windows or

sunroof are open, for example.

[0049] In addition to sound pressure level, the audio control unit 30 receives input related
to operation of the vehicle in step 44. The vehicle operation input may be vehicle data indicative
of the vehicle speed. The vehicle operational input may come from an engine control unit, the
head unit, a navigation device, a portable device, or any device suitable for providing vehicle

speed data.

[0050] In step 46, the audio control unit determines if the vehicle speed data is greater
than a threshold value. The speed threshold for a vehicle may be based on the type of woofer, the
position of the woofer or other characteristics of the audio system. For example, in one
application, the threshold value may be when the vehicle speed data indicates the vehicle is
travelling less than 25 miles per hour. In another embodiment, the threshold value may be at a

vehicle speed less than 10 miles per hour. In another embodiment, there may be multiple speed
thresholds.

[0051] In step 48, the control unit determines if the sound pressure level in the passenger
compartment is less than a threshold value. If the sound pressure level is greater than the

threshold level, the control unit does not redistribute bass.
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[0052] Redistributing bass means that the production of bass in the vehicle is either in
part or in whole moved from the woofer to one of the bass-compatible speakers. The purpose of
redistributing bass away from the woofer is to prevent the vehicle from emanating an undesirable
bass-range sound to the environment outside of the vehicle, including other vehicles nearby. The
redistribution of the bass-range to other bass-compatible speakers is useful in situations where
the woofers have an infinite baftle condition or do not have a sealed speaker enclosure covering

the back side of the speaker.

[0053] In step 50, based on the vehicle speed and sound pressure levels, the audio control
unit may redistribute the bass from the woofer to other bass-compatible speakers. Based on the
vehicle speed operational input, the audio control unit may redistribute bass. In one embodiment,
the audio control unit may redistribute bass when the vehicle speed is less than a first threshold
and completely redistribute bass from the woofer when the vehicle is completely stopped. In one
scenario, redistribution occurs when the car slows over some amount of time. In another

scenario, redistribution occurs when the car comes to a complete stop.

[0054] The audio control unit 30 may include a digital signal processor that governs how
the redistribution of bass occurs. For example, the rate of redistribution is governed by digital
signal processor. The rate of redistribution ensures that occupants in the passenger compartment
are unlikely to detect that bass is being shifted from the woofer to other bass-compatible
speakers. The digital signal processor may shift the bass by adjusting the amplifier’s output
signals to the woofer and bass-compatible speakers. Even though bass-range sound is moved
from the woofer to other bass-compatible speakers, the sound pressure level in the passenger

compartment generally does not change.

[0055] Bass-range distribution refers to a technique by which the amplitude of audio
signals at particular frequencies to particular speakers is increased or decreased. The audio
control unit distributes the required bass-range acoustic power output between the woofer and
bass-compatible speakers. As shown in Figure 1A, the audio control unit 30 redistributes the
audio signals to the bass-compatible speakers 26 to produce bass-range sound 34. In Figure 1A,

the audio control unit 30 does not provide any bass-range signal to the woofer 20. The total bass-

10
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range acoustic power, or sound pressure level produced by the woofer 20 in Figure 1 is generally
equal to the total bass-range acoustic power, or sound pressure level produced by the bass-

compatible speakers 26 in Figure 1A.

[0056] As illustrated in step 52, the digital signal processor may restore bass to the
original woofer 20 after the vehicle speeds back up to a speed above the speed threshold. To
restore the bass to the woofer, the digital signal processor adjusts the output signals of the

amplifier of the woofer and bass-compatible speakers.

[0057] With regard to the processes, systems, or methods, described in Figure 2, it should
be understood that, although the steps of such methods have been described as occurring
according to a certain ordered sequence, the processes could be practiced with the described
steps performed in an order other than the order described herein. It further should be understood
that certain steps could be performed simultaneously, that other steps could be added, or that
certain steps described herein could be omitted. In other words, the descriptions of processes
herein are provided for the purpose of illustrating certain embodiments, and should in no way be

construed as limiting.

[0058] Figure 3 is a side view of a vehicle 60 illustrating various potential mounting
positions for the woofer 20. As discussed above with reference to Figure 1, the front side 22 of
the woofer faces the passenger compartment 14, and the back side 24 of the woofer is in fluid
communication with a space outside the vehicle passenger compartment 14. The space may be
defined by previously unutilized or underutilized areas in the vehicle 60 to provide optimum
sound. The space allows the woofer to function as if the back side of the woofer is cooperating
with an infinite baffle as previously discussed. The space may be an open space (in
communication with the outside atmosphere) or an enclosed (or partially enclosed) space. The
back side of the woofer faces the space so the space functions as an infinite baffle to enhance and
amplify the bass-range of the woofer. Where the space is enclosed, the volume may be
approximately greater than twenty liters. However, the size of the enclosure may be different for

different speakers to have the effect or performance of an infinite baffle. The volume of the

11
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enclosure that produces minimal losses and performs as an infinite baffle, may be determined,

for example, by an equation
Vg =10 Vs

[0059] where V' is the volume of the box or enclosure, and Vs is defined as the volume

of air having same acoustic compliance as driver suspension (=pyc?C,,Sp?). Therefore, the size
of the enclosure may be specific to the transducer driver and may be directly related to the
surface area and the mechanical compliance of the driver. Other equations or constants may be
used to define a enclosure volume that functions as an infinite baffle by producing minimal
losses. Once known, the equation may define an enclosure volume that produces minimal losses,

for example, a 0.8 dB loss in output at 1Hz, and may be considered an infinite baffle.

[0060] The dedicated space or enclosure can be formed by any rigid vehicle body
structure and therefore, this arrangement provides for a robust design in addition to enhanced

sound quality without additional components.

[0061] In one example, the speaker 62 is mounted to the vehicle body structure of the
passenger compartment 14. In this is example, the speaker 62 may be mounted to the interior
floor panel of the vehicle so that the front side of the speaker 62 provides bass-range sound to
passenger compartment 14. The back side of the speaker 62 is outside of the passenger
compartment and is disposed adjacent the fuel tank 64 of the vehicle. The fuel tank 64 and the

back side of the woofer 62 reside in the area outside of the passenger compartment.

[0062] Figure 4 provides a more detailed view of the speaker 62. The speaker 62 is
mounted to the sheet metal 66 of the body structure that defines the passenger compartment.
Mechanical fasteners, such as screws, nuts and bolts may be used to mount the woofer 62 to a
vehicle body structure. For example, the woofer may include a frame with holes for receiving the
mechanical fasteners. Additionally, the sheet metal 66 or body structure may include an opening
for receiving the woofer. The size of the frame could be larger than the opening. Alternatively,
the woofer may be mounted in the vehicle utilizing other techniques known to a person of

ordinary skill in the art.

12
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[0063] As shown in Figure 3, the woofer 62 may be mounted in a rear-center location of
the passenger compartment 14 beneath the rear seat. However, the woofer 62 may be mounted in
any suitable location in order to utilize the space defined between the body structure 66 to which
the speaker is mounted and the fuel tank 64. In applications where the fuel tank 64 is stamped,
blow-molded or molded to fill unused space around the body structure, the fuel tank 64 may
have a complex shape. The complex shape of the fuel tank 64 may be formed to include a notch
68 adjacent the back side 70 of the speaker 62, as shown in Figure 4. Additionally, extension
surfaces 72 may be formed that extend from the fuel tank 64 to the body structure 66 to which

the speaker 62 is mounted.

[0064] As illustrated in Figure 3, a speaker 78 may be mounted to the firewall 80 of the
vehicle to provide an infinite baffle speaker arrangement. The firewall 80 is body structure
formed of sheet metal that separates the passenger compartment 14 from the compartment
containing the vehicle’s engine 82. The woofer 78 is mounted to the firewall 80 and faces the
vehicle passenger compartment 14 while the back side of the woofer 78 is adjacent the engine 82
and open to and in fluid communication with the outside environment through the engine
compartment. Accordingly, the woofer 78 transmits the enhanced bass-range to the vehicle
passenger compartment 14 through its front side. An NVH hat may be added to the opening for
the back side of the woofer 78 to provide noise isolation from the outside atmosphere while
allowing fluid communication between the woofer and the outside environment. The NVH hat
may be formed of any suitable acoustic resistive material. Accordingly, unwanted resonance is
significantly reduced and these woofers significantly prevent outside noise from entering the
vehicle. It is understood that the acoustic resistive material may also form components of the
woofer such as the diaphragm. The diaphragm may be formed from a relatively stiffer material

such as Kevlar or other suitable material.

[0065] As also illustrated in Figure 3, a speaker 90 may be mounted in a front-center
location of the passenger compartment 14. For example, the speaker 90 may be mounted along a
front-center console 92. At least two woofers 90 , 94 may be mounted along the center console
92 facing into the passenger compartment in opposite directions. The woofers are arranged so

that the back side of the second woofer 94 faces the back side of the first woofer 90, as shown in

13
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Figure 5. By mounting the speakers 90, 94 so that the back sides face each other, the mechanical

forces of each woofer negate each other and reduce mechanical vibration in the system.

[0066] In the embodiment shown in Figure 5, the back sides of the speakers 90, 94 are
also in fluid communication with the environment via a transmission tunnel 96. The transmission
tunnel 96 provides a space for a transmission drive shaft to extend between drive wheels and a
transmission. As shown in Figure 5, one woofer 90 would be mounted on one side of the
transmission tunnel 96 while the other woofer 94 is mounted on the other side of the
transmission tunnel 96. Moreover, an NVH hat and/or acoustic resistive material may be added
to the tunnel opening or coupled to the back side of the woofers 90, 94 to provide noise isolation
from the outside atmosphere while allowing fluid communication between the woofers 90, 94

and the outside environment.

[0067] Therefore, by allowing the back side of the woofer to be in fluid communication
with the open environment outside of the vehicle, unwanted resonance is significantly reduced
and these woofers may reduce also outside noise from entering the vehicle via the acoustic
resistive material. Accordingly, sound quality in the bass-range is improved due to the reduced

mechanical vibration as well as the multi-directional emission of the bass-range.

[0068] As also illustrated in Figure 3, a speaker 100 may be mounted adjacent the rear
deck 102 of the vehicle. As shown in Figure 7, a pair of speakers 100, 104 may be mounted
adjacent the rear deck 102. The front side of speaker 100 is open to the passenger compartment
14. The back sides of the woofers 100, 104 face each other thereby cancelling any vibration
emitted from the back sides of the speakers 100, 104 when operated. Unlike the other woofers
shown in Figure 3, the woofers 100, 104 operate with an enclosed environment behind the
woofer given that these woofers are located at the rear deck of the vehicle. While the speakers
100, 104 are in the enclosed environment below the rear deck, such as the vehicle trunk, may be

lartge enough to be considered an infinite baffle.

[0069] As illustrated in Figure 3, a speaker 110 may be mounted under a seat. The seat
may be a rear passenger seat or a front passenger seat. Similar to the woofer 78 which is

mounted to the firewall, the woofer under the seat is affixed to floor pan 112 that is a rigid
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vehicle body structure. The floor pan 112 is a sheet metal portion of the vehicle body that defines

the barrier between the interior passenger compartment and the road below the vehicle.

[0070] Traditionally, the vehicle would include floor grommets in an area near the
woofer 110. However, to provide a condition such that the woofer 110 is in fluid communication
the atmosphere outside of the vehicle having an infinite baffle, the grommets may be removed or
modified. Accordingly, the removal or adjustment of the grommets allows the back side of the
woofer 110 to communicate with the environment outside of the vehicle while the front side

faces the passenger compartment 14 thereby providing enhanced bass-range sound in the vehicle.

[0071] In yet another arrangement, two woofers may be mounted under a seat of a
vehicle. In doing so, the woofers are arranged so the front faces are generally perpendicular to
the seat bottom. Similar to the speakers 100, 104, the back side of one woofer faces the back side
of the other woofer. The front sides of the woofer emit sound into the cabin. This arrangement
reduces unwanted mechanical vibration because the movements of each woofer cancel out the
mechanical vibration from the other woofer. Furthermore, given the perpendicular orientation of
the woofer to the seat bottom, the seat bottom does not experience any unwanted mechanical

vibration transmitted from the woofers.

[0072] A person of ordinary skill in the art understands that in speaker arrangements
where the back side of the woofer is disposed in an enclosed space, such as the space in the trunk
below the rear deck or the space between the fuel tank, the transducer for the woofer would be
modified in order to accommodate the enclosed baffle environment. Therefore, the woofer can
be designed to work with the volume of the baffle behind the speaker. The woofer can be
modified to adjust its electromechanical parameters (such as Thiele-Small parameters) to define
how the woofer will act when placed in different enclosures. Examples include increasing the
stiffness of the speaker suspension, decreasing mass of the moving speaker cone, increasing

electrical impedance, etc.

[0073] Figures 8-9 illustrate another speaker arrangement 120 for a sport-utility type
vehicle, or a vehicle that does not have an enclosed trunk and the cargo space behind the rear

seats is open and part of the passenger compartment. The speaker arrangement 120 includes a
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first woofer 122 and a second woofer 124 mounted in the spare tire area or cargo well 126 of the
vehicle. The spare tire well 126 may be used as an enclosed baffle or a partially enclosed baffle
for the woofers 122, 124 thereby providing optimized bass-range sound in the passenger
compartment area. Moreover, the woofer is affixed to a rigid vehicle body structure such that
there is little to no unwanted mechanical vibration when the woofers 122, 124 are operating.
Again, where there is a partially enclosed baffle where the back side of the woofer is in fluid
communication with the environment outside the passenger cabin, an NVH hat may be added to
the opening for the back side of the woofers or coupled to the back side of the woofer. The NVH
hat provides noise isolation from the outside atmosphere while allowing fluid communication

between the woofer and the outside environment.

[0074] In addition to enhanced sound quality inside the vehicle, another benefit of
mounting the woofers directly to the rigid vehicle body structure, such as a floor pan or firewall

unwanted mechanical vibration as the woofer operates are significantly reduced.

[0075] The wvarious speaker arrangements disclosed here provide for robust designs,
which enhance sound quality. In other examples, the area outside of the passenger compartment

may be associated with a battery pack for the vehicle in a hybrid or electric vehicle application.

[0076] While exemplary embodiments are described above, it is not intended that these
embodiments describe all possible forms of the invention. Rather, the words used in the
specification are words of description rather than limitation, and it is understood that various
changes may be made without departing from the spirit and scope of the invention. Additionally,
the features of various implementing embodiments may be combined to form further

embodiments of the invention.
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WHAT IS CLAIMED IS:

1. An audio system for a vehicle comprising:
a woofer speaker having a front side for producing a required bass-range acoustic
output in a passenger compartment of the vehicle and a back side having an infinite baffle;
a bass-compatible speaker disposed in the passenger compartment of the vehicle;
and
a controller in communication with the woofer and the bass-compatible speaker
and programmed to:
distribute the required bass-range sound output to the woofer and the bass-
compatible speaker based on at least one of a vehicle speed and a sound output level of

the audio system.

2. The audio system of claim 1 wherein the bass-compatible speaker includes
a sealed speaker enclosure that is not in fluid communication the environment outside the

vehicle.

3. The audio system of claim 1 wherein the woofer does not have a speaker
enclosure and the back side of the woofer is adjacent at least one of a vehicle fuel tank, an engine

and a vehicle transmission driveshaft.

4. The audio system of claim 1 wherein the controller is programmed to
determine a current sound pressure level in the passenger compartment of the vehicle based on

an average input from a microphone disposed in the vehicle passenger compartment.

5. The audio system of claim 1 wherein the infinite baffle of the woofer does

not include an enclosure so that the back side is in fluid with an environment outside the vehicle.

6. The audio system of claim 1 wherein the controller is programmed to
redistribute the required bass-range acoustic output from the woofer to the bass-compatible

speaker if the vehicle speed is less than a threshold speed.

17
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7. The audio system of claim 6 wherein a bass-range acoustic output from
the woofer is generally equal to a redistributed bass-range acoustic output from the bass-

compatible speaker.

8. A method of controlling an audio system in a vehicle, the method
comprising:

operating a woofer speaker to provide a required bass-range acoustic output;

receiving vehicle data indicative of a vehicle speed,

determining a current sound pressure level in a passenger compartment of the
vehicle; and

operating a bass-compatible speaker to provide at least a portion of the required
bass-range sound output if at least one of the vehicle speed is less than a threshold speed and the

current sound level is greater than a threshold volume.

9. The method of claim 8 further comprising operating the bass-compatible
speaker to provide at least a portion of the required bass-range acoustic output if the sound
pressure level is greater than a threshold volume and the vehicle speed is less than the threshold

speed.

10. The method of claim 8 further comprising operating the bass-compatible
speaker to provide all of the required bass-range acoustic output if the vehicle speed is less than a

secondary threshold speed.
11. The method of claim 8 further comprising increasing the required bass-
range acoustic output to the bass-compatible speaker at a redistribution rate being proportional to

a rate of deceleration of the vehicle.

12. The method of claim 8 wherein the woofer does not include an enclosure

so that a back side is in fluid with an environment outside the vehicle; and
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wherein the bass-compatible speaker includes a sealed speaker enclosure that is

not in fluid communication the environment outside the vehicle.

13. The method of claim 8 further comprising operating the bass-compatible
speaker at a redistributed bass-range acoustic output that is generally equal to the required bass-

range acoustic output previously provided from the woofer.

14. The method of claim 8 further comprising restoring the woofer to provide
the required bass-range acoustic output when the vehicle speed increases to above the threshold

speed.

15. A speaker arrangement for producing bass-range sound in a vehicle, the
speaker arrangement comprising;
at least one woofer mounted to a vehicle body structure, the woofer comprising:
a front side in fluid communication with a passenger compartment to emit
sound into the passenger compartment; and
a back side of the woofer in fluid communication with an environment
outside the passenger compartment, wherein the back side of the woofer is not contained
in a speaker enclosure, thereby improving bass-range sound in the vehicle and reducing

vibrations.

16.  The speaker arrangement according to claim 15 further comprising a
second woofer mounted so that a back side of the second woofer faces the back side of the first
woofer, the back side of the second woofer in fluid communication with the environment outside

the passenger compartment.

17.  The speaker arrangement according to claim 15 wherein the back side of

the woofer is adjacent a vehicle fuel tank.

18.  The speaker arrangement according to claim 15 wherein the woofer is

mounted to a firewall and a back side of the woofer is adjacent an engine of the vehicle.
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19.  The speaker arrangement according to claim 15 wherein the woofer is
mounted to a transmission tunnel and the back side of the woofer is adjacent a vehicle

transmission shaft.

20.  The speaker arrangement according to claim 19 further comprising a
second woofer mounted on an opposite side of the transmission tunnel and oriented so that a
back side of the second woofer faces the back side of the first woofer, the back side of the second

woofer in fluid communication with the environment outside the passenger compartment.

21.  The speaker arrangement according to claim 15 wherein the woofer is

mounted to a vehicle floor pan.
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