Development of an active exhaust silencer for internal com-
bustion engines

R. Boonen, P. Sas

K.U.Leuven, Faculty of Applied Sciences,

Department of Mechanical Engineering, division PMA,
Celestijnenlaan 300B, B-3001 Heverlee, Belgium
e-mail : rene.boonen@mech.kuleuven.ac.be

Abstract

A silencer to attenuate engine exhaust noise using active control methods is developed. The device consists of
an electrically driven valve, combined with a buffer volume, which is connected to the exhaust outlet. Using
the mean flow through the valve and the pressure fluctuations in the volume, the valve regulates the flow in such
a way that only the mean flow passes through the exhaust outlet. The fluctuations of the flow are temporally
buffered in the volume.

To carry out optimization and validation experiments, a cold engine simulator is developed. This device
generates realistic exhaust noise and the matching gas flow using compressed air. The simulator allows quick
and reliable acoustic and fluid dynamic experiments on exhaust prototypes.

The active silencer is capable to reduce the exhaust noise from 91 dBA to 78 dBA after the tail pipe outlet,
with a back pressure of 3 kPa to the engine.

1. Introduction To increase sound generation performance, a loud-
speaker with high diaphragm displacement, suitable
This research project aims at the attenuation of erfor the low frequency range, is under development
gine exhaust noise using active control methods. That the technical university of Dresden [19]. If com-
resulting system should take less volume and shouldressed air is available, an electro-pneumatic loud-
have a positive energy balance in comparison with g8peaker is also an option [2 (page 49)],[18].
fully passive system. Applying a controllable valve in the exhaust duct
The reduction of external noise is nowadays one ois a more robust concept. Good results are achieved
the important issues in car development. The legislatmainly in the low frequency range, mostly on fan
ors are lowering the noise emission standards continsetups [8],[10]. On internal combustion engines, the
ously in the different countries. For example, the passound power generated by the control sound source
by noise level for passenger cars is reduced from maxemains a problem.
imum 77 dBA to 74 dBA in 1995. Also, in engine de-  In this project, the concept of a controllable valve
velopment, multi valve technology is becoming com-in the exhaust is used. A solution to the sound power
mon to increase the engine efficiency by lowering inproblem is achieved by mounting a buffer volume
and outlet valve resistance. As consequence, exhausétween the engine exhaust and the control valve.
system manufacturers must reach higher attenuatiddealized, the engine behaves as a volume velocity
levels in combination with lower flow resistance. source. It is not possible to control the flow of a
Much research on active noise cancellation involume velocity source, if no capacitive elements are
ducts is carried out in the recent years. Loud{present between the source outlet and the active valve.
speaker systems are successfully applied and coriithe capacity of a duct is low, consequently the per-
mercial available in ventilation channels [15]. A loud- formance of the valve must be high. By adding an
speaker setup is developed for stationary six-cylindeadditional volume between exhaust and valve, the re-
diesel engines by Detroit Diesel Corporation [13]. Aquired noise generation performance of the valve is
problem using loudspeakers is the low sound generateduced. By balancing the volume and the valve per-
ing efficiency and reliability in the extreme conditions formance, it is always possible to realize active noise
of an engine exhaust. attenuation for a combustion engine.



The dimensioning of the active silencer is based2.  The active silencer
on acoustic simulations using electrical analogies [1].
An electrical equivalent circuit is developed which2.1  Principle
consists of partial circuits for the engine, the act- , )
ive exhaust system and the controller. The simula:r0 control the flow In the exhaust duct, a valve Is

tion predicts a noise level reduction of approximately'c_)lacecl ;n the_ flglvv.bThe rels_lstance of the Iva_lve 'IS (I;qn—
27 dB, directly after the controlled valve. tinuously variable by applying an external signal. Itis

assumed that the valve is purely resistive, it isn't cap-
able to store energy from the gas flow. The principle

of using a valve to control duct flow is illustrated in
A main problem when conducting experiments isfigure 1.

the availability of a representative sound source. Dir-

ectly testing on an internal combustion engine is diffi-

cult because it is necessary to take precautions against .
the hot corrosive exhaust gases. Carrying out experi- -
ments on loudspeaker and fan setups results in unre- Ka® b oy, <00
liable data, because the acoustical circumstances on_ - ., / " WAD o
these setups differ considerably from these of an op- oo Arp a
erating engine. Therefore, a cold engine simulator qb F AF = o
has been developed which generates the engine sou q a q
with the matching gas flow in a realistic way using
compressed air [16],[17]. More generally, the simu- o .
lator is applicable for the study of sound behaviour —* & S
and flow phenomena in any kind of exhaust system.  figyre 1: Basic principle of using a valve con-
The simulator has been validated by comparing ex-  olling duct flow. The meaning of the sym-
perimental data with numerical simulations and ex- bols in this figure is:Q, is mean fluid flow,g
periments on a real combustion engine. These com- s flow fluctuation,p, is mean pressuredp is
parisons demonstrate that the cold engine simulator  the pressure fluctuatiod is the valve constant
approximates the exhaust noise of an internal com-  \hich expresses the relation between pressure

bustion engine very well. and flow,k is the variation ork .

Ka?

Qo

A valve placed in a volume flow causes a pressure

The experimental setup consists of an electricallydrop over the valve. The principle of the active noise
driven valve, in series with a volume, which is con- cancellation valve is, to obtain a constant volume flow
nected to the exhaust outlet of the cold engine simdespite a fluctuating pressure, by varying the valve
ulator. The control signal for the valve is calculatedresistance.
from the pressure in the buffer volume and the flow Infigure 1, the first graph demonstrates how sound
through the exhaust duct. The valve is controlledoressure influences the fluid flow via the valve resist-
such that only the mean flow passes the valve operance characteristic. The second graph demonstrates
ing. The flow fluctuations are temporally stored inhow the opposite fluctuating flow is generated from
the volume. The control algorithm is a feed forwardthe mean pressure drop over the valve by varying the
"inverse plant” algorithm, without adaptation. This valve resistance. Superposition of both effects results
results in a fast algorithm, but it requires the active siin a constant volume flow, shown in the third graph.
lencer to follow the theoretical proposed plant without Mounting an active valve in the flow of a volume
major deviations in the desired frequency range. Thiselocity source, like a combustion engine, has no ef-
approach results in a noise reduction from 91 dBAfect if no capacitive elements are present between the
to 78 dBA, measured 10 cm out of the axis of thesource and the valve. The volume velocity source
tail pipe opening, nevertheless, the "inverse plant” apforces a prescribed flow through the system, whatever
proach limits the noise reduction capability considerthe pressure becomes in the system. Capacitive ele-
ably. In the near future, feed back and adaptive conments can be introduced using ducts or volumes.
trol algorithms will be implemented on the controller  The most simple system for active control of a
and tested. volume velocity source is presented in figure 2. The



engine acts as a volume velocity source. At the exby an engine model, and an exhaust duct is connec-
haust, a volume with capacit¢’ and a regulating ted between the engine and the active silencer. The
valve with variable resistanci(t) is connected. The controller uses expression (1) as control algorithm. A

translation of the physical system results in the elecscheme of this system is presented in figure 3.

trical equivalent circuit shown in figure 2. The flow

from the source will split over the capacity and the

time dependent resistor. Now, the controller has to

vary in time the valve resistance, such that the fluctu-

ation flow through the resistance becomes zero. ————— _ ¢
— vy L
R(t) Engine
£
I
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® ¢ ) figure 3: Scheme of an internal combustion en-
Us Te R(t) gine with an active exhaust noise cancellation
device.

figure 2: The most simple scheme of active
control of an engine using a valve.

The variation of the valve resistance is obtained

from the electrical equivalent circuit: The electrical equivalent circuit of the system

shown in figure 3 is presented in figure 4.

1
Up = C /cht = Ir R(?) The exhaust of the engine is considered as a series
of discharges of constant volumes. When the outlet

Ic 1 = dﬁ R(t) + Ig dR—(t) valve of a combustion engine opens, the remaining

¢ di dt. cylinder pressure drops in a few milliseconds to at-

Constant fiow through the valve opening means: mospheric pressure. The piston is at its lower dead
dip point and the cylinder volume changes onlyal05 %

— =0 . )
dt during the escape time of the pressure pulse.

The controller has to vary the valve resistance during

) ) In the electrical equivalent model, the four capacit-
time according:

ors represent the engine cylinders. The voltage of the
1 Ie sourcelU/p equals the remaining pressure at the end

R(t) =R — —=dt 1 : ) .
(*) ot / C Iy @) of the expansion stroke of the engine. The capacitors

Two important conclusions follows from this simple &€ charged via the upper set of switch-resistor com-
consideration: First, by balancing the volume-valvePinations, which represent the inlet valves of the en-
combination, it is always possible to control the flow9ine. The capacitors are discharged via the lower set
of a volume velocity source. Second, the resistanc8f Switch-resistor combinations, which represent the
Ry can be chosen freely with the only restriction thatoutlet valves. The switches are operated in the same
the resistancé(t) remains always positive. The res- S€quence as the cam shaft operates the engine valves.

istanceR, must be optimized to obtain minimum en- The pulses enter the exhaust duct, represented by the
ergy loss of the engine. transmission lin€l’. The capacitoilC' and the vari-

able resistorR(t) forms the equivalent of the active
silencer. The controller uses the current through the
transmission line and the voltage over the capacitor
to generate the control signal for the vali?ét), us-
The model above looks not very realistic for an en-4ng expression (1) as control algorithm. The inductor-
gine exhaust system, therefore the model will be exresistor combination, representing the acoustic im-
panded. The volume velocity source will be replacededance of free air, closes the circuit.

2.2 Expanded electrical equivalent
model
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The simulation is carried out in time domain using figure 6: Frequency spectrum of the time sig-

a 1000 cc engine, a duct of 1 m length artd >m? nal presented in figure 5. "line 1" is the pressure
cross-section, a buffer volume @2 - 10~3m3 and without control, "line 2" is the pressure with
a control valve resistance which can vary between  control.

50k$2 and300kS2.

The simulation result is presented in figure 5. Both3, Experimental results
lines represent the pressure directly after the control

valve, before the outlet of the exhaust tail pipe. Be3.1 The cold engine simulator

fore activating the controller, the pressure, represen- , _ , ,

ted by "line 1", corresponds with a sound pressureTO carry 'out e_xperlmer)ts with the actl\{e silencer, a
level of 153 dB in the tail pipe. When the controller cold engine simulator is developed which generates

is activated, the pressure reduces to a sound pressmﬁ?@“snc engine noise and Fhe matchlng gas f,IOW us-
level of 126 dB. Ing compressed air. It permits to experiment with new

concepts of exhaust systems, without taking precau-
tions against the hot corrosive gases of a real engine.
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figure 7. Working scheme of the cold engine
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figure 5:  Simulation result of the circuit The assumption that the pressure pulse can be con-
presented in figure 4. "line 1" is the pressure sidered as a discharge of a constant volume gas forms
at the outlet opening without control, "line 2” is also the basis for the cold engine simulator. A scheme
the pressure with control. of the engine simulator is presented in figure 7. It

consists of a regular engine block whose pistons are
fixed at their lower dead points. The inlet collector is
In frequency domain, the active control results inconnected via an expansion vessel and a pressure re-
a shift of the noise spectrum with 27 dB downwardsduction valve to a normal pressurized air supply net-
This is illustrated in figure 6. work. The cam mechanism of the engine block is



driven by an electric motor. The supplied pressure
at the inlet collector is equal to the pressure in bosal
cylinder of an operational combustion engine at T e T —— !
end of the expansion stage. During the inlet st .
the cylinder charges at the same pressure level ¢~ * ' 7 1TIR e RN
plied at the inlet. When the outlet opens, the cylir /\ﬂ
discharges and the pressure pulse enters the ex
The discharge takes a few milliseconds. These |
sure pulses are similar to these of a real combu
engine.

To validate the cold engine simulator, press
measurements are carried out on the simulator ¢
real combustion engine. On the exhaust, a stri

13-09-96

GOLF 1300 MK : Coaatdown relling road

‘“1$Pﬂz?*

i R P S el b
duct is connected of 7 m length anfl—?m? cross. kb bl s

8.Lennen

section. The crank rotation speed is 300 rpm.
applied pressure at the inlet collector equals 200 wra.

figure 10: Measurement of frequency spectrum

of the manifold pressure of an automobile com-
1600 Simulater with sPice bustion engine, connected to a straight exhaust
Tine b 1F duct. (Source: BOSAL Research)

- Figure 8 shows the simulated pressures of the elec-
| trical equivalent circuit of the engine in figure 4, ex-
cept that only a transmission line and the open air
impedance are connected to the engine model. The
peaks, appearing at firing frequency, of both cylinder
pressure ("line 1) and manifold pressure ("line 27)
' show a—20 dB/decade decay. This behaviour is
| caused by the capacitance of the cylinder volumes.
frequemey @ Figure 9 shows the measurement of the cylinder
figure 8: Frequency spectrum of cylinder pres- and manifold pressure on the cold engine simulator.
sure ('line 1) and manifold pressure ("line 2") The measurements are taken at the same conditions as
simulated from the electrical equivalent circuit. used in the simulation. "line 1" is the cylinder pres-
sure and "line 2" is the pressure in the outlet duct,
20 cm after the outlet valves.
1e+06 The —20 dB/decade decay is dominantly present.
no B After 200 Hz, the higher frequencies show more
= damping as in the simulation. These damping effects
. A are introduced by many causes. The most important
l\ I ones are: the finite opening times of the outlet valves;
vooo =11 I the saturation of the flow in the valve opening; the
i difference in sound speed in the duct in forward and
i backward direction, due to the mean gas flow through
the duct.
f The measurement, shown in figure 10, is the
i frequency spectrum of the manifold pressure of a
g 10 e, o 1000 10000 real internal combustion engine. Here also, the
—20 dB/decade slope is dominantly present, as in
figure 9: Frequency spectrum of cylinder pres- the two previous figures. The cold engine simulator
sure ("line 17) and manifold pressure ("line 2), These figures demonstrate that the cold engine sim-
measured on the cold engine simulator. ulator and the internal combustion engine exhibit a
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very similar behaviour. It demonstrates also the useAt higher frequencies, the inertia of the valve motor

fulness of the equivalent circuit for the engine. becomes dominant and the force determines the ac-
celeration of the valve head.
3.2 The active silencer The controller is split in two parts. A low band-

width Pl-controller realizes the set point resistance

Experiments with the active silencer are carried ouy | \vhere around the active noise cancellation is car-
on the cold engine simulator. A picture of the setup injeq out, using the piezo-resistive sensor. This con-

shown in figure 11. The electrically controllable valveg|ier yses the linear relationship between the applied
is mounted on the buffer volume. As control signals, §,rce and the resulting pressure.

piezo-resistive sensor measures the mean pressure iNThe aetive noise controller constructs the control

the volume, and is filtered by an analog 1 Hz secongignaﬂ using the flow through the duct and the pres-
order low pass filter. The alternating (acoustic) presgre in the volume, based on equation (1). The input
sure in the volume is measured by a piezo-capacitivgjgnas are taken from the piezo-capacitive sensor and
sensor and is filtered by an analog 2000 Hz second ofg flow sensor. This controller takes the valve motor
der low pass filter. The mean flow through the outleineria into account to determine the resulting valve
ductis measured by a small turbine and is also filterege 3 gisplacement. This controller is not active in the
by an analog 1 Hz second order low pass filter. low frequency range by implementing a 10 Hz first
order high pass filter on the controller input signal.

The sum of the signals of both controllers is ap-
plied to the preamplifier of the current amplifier. Both
controllers are implemented #xdomain on a C40 di-
gital signal processor of Texas Instruments, using a
sample frequency of 16 kHz.

A
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figure 11: The experimental setup of the act- -300 [ "\ M %\l)\ M
ive silenceR on the exhaust of the cold engine \r\} \\/j \/\/ \j
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As figure 3 suggests, a voice coil in a magnet actu-
ates the valve head to control the valve opening. The
voice coil is powered by a current amplifier, with a
maximum electrical power of 500 W. Before the cur-
rent amplifier, a preamplifier buffers and filters the
output signal from the controller. The filter is also  In figure 12, the result of the control is presented.
an analog 2000 Hz second order low pass filter. Byrhe pressures are measured in the tail pipe after the
choosing these second order filters, the phase lag abntrol valve using a pressure sensor. The pressure
500 Hz is not higher than #@fter passing all in- and "line 1” without control corresponds with the original
output filters. As consequence, the valve should beound pressure level of 151 dB. By activating the con-
able to attenuate pulses of at least 2 ms pulse dur&rol, the pressure "line 2" reduces to a sound pressure
tion. level of 138 dB. The realized noise reduction in the

At low frequencies (below 17 Hz), the applied tail pipe amounts 13 dB. The same reduction is meas-
force on the voice coil is almost equal to the pres-ured with a sound level meter 10 cm out of the axis of
sure drop over the valve times the valve opening aredhe outlet of the exhaust tail pipe. The radiated noise

figure 12: Measurement of the pressure after
the control valve in the outlet duct. "line 1”
is the pressure without control, "line 2" is the
pressure with control.



reduces with 13 dBA from 91 dBAto 78 dBA by ac- 5.  Conclusion
tivating the controller.

The frequency spectrum in figure 13 of the pres-The actual state of this research project permits to for-
sure in the tail pipe presented in figure 12 shifts 13 dgnulate following conclusions:

downwards, by activating the controller. . . :
e By preconnecting an active controlled valve in

an exhaust duct by a buffer volume, it becomes
possible to attenuate any engine exhaust noise.

/ \ W,/ The active silencer reduces the engine exhaust
W M/\ Avv 1l noise with 13 dBA using a feed forward "in-
no A i verse plant” algorithm. More attenuation can be
L reached using algorithms less sensitive to errors
V\/ V V\}U in the plant model.

100
frequency (Hz)

150 A e The cold engine simulator produces realistic en-
/\ I gine exhaust noise and gas flow using com-
<o ) : .
pressed air. It allows quick and reliable exper-
8 // A\ / \ iments with new concepts of exhaust systems.
» W,/ I\ .
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