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Moving-coil loudspeakers generally exhibit poor response in the low-frequency range because the
diaphragms are unable to produce sufficient volume velocity. To alleviate the problem, this study
focuses on enhancing the low-frequency performance of loudspeakers by means of modern control
technigues. A self-sensing velocity observer is utilized for producing the cone velocity signal
required by the controller. Feedbaldk, robust control and feedforwaid, model matching control

are employed to simultaneously achieve robust stabilization and tracking performance. The
proposed controller is implemented using a combined digital signal processor and operational
amplifier circuitry. © 1999 Acoustical Society of Amerid&0001-49669)02806-4

PACS numbers: 43.38.Ja, 43.38 JSLE]

INTRODUCTION Gogate(1992 employed classical proportional control and
velocity feedback to improve low-frequency performance of

In general, moving-coil loudspeakers exhibit poor re- )
sponse in the low-frequency range because the speaker diI udspeakers. Kuriyama and Furukavi®89 used a feed-

phragms are unable to produce sufficient volume velocit orward least-mean-squaréms) algorithm to achieve the

below the mechanical resonance frequet@yrwick, 1994. same purpose. Along the same line, this study attempts to
Insufficient bass content significantly affects the listeningE"hance the low-frequency performance by means of modern

quality of audio systems. How to maintain a uniform acous.control techniques, under the electromechanical constraints

tic output from loudspeakers at very low frequency is a dif-Of the original system. It seeks to optimally increase the
ficult problem. One method of improving the low-frequency Magnitude without altering the phageithin a pure delayof
response is to increase the radius of the speaker. HowevéPe low-frequency response. To this end, a hybrid structure is
the increase in efficiency is not as great as m|ght be exemployed in the control deSign. In partiCUlar, robust stabili-
pected, because the mass of the speaker also increases W@#ion is achieved using a., robust feedback controller,
radius. The low-frequency response can also be enhanced M{hereas tracking performance is maintained vidiarmodel
reducing the stiffness of the suspension, thereby lowering th&1atching feedforward controller. The feedback controller is
mechanical resonance frequency. However, if the stiffness diplemented by using analog operational amplif@P) cir-
the mechanical system is excessively reduced, its displac&uitry to avoid excessive delay that might destabilize the
ment at low frequency becomes very large, which may leaglosed-loop system. The feedforward controller is imple-
to harmonic distortions resulting from displacement of themented on a floating-point digital signal proceséidgP.
voice coil into nonuniform regions of the magnetic field. The proposed system is different from the other elec-
Although efficiency can also be improved by increasing thetronically compensated systertSolloms, 1991 in that this
magnetic flux density in the air gafKinsler et al., 1982, system does not require sensors such as accelerometers or
this would result in an undesirable decrease of low-frequencynicrophones. A self-sensing velocity observer circuit based
sensitivity. Another conventional approach is electronicon the idea of Okadat al. (1999 is used for producing the
compensation, where audio systems are equipped with equalene velocity signal.
izers to boost the bass output. In doing so, only the magni-  Experimental results show that the proposed system has
tude of the low-frequency response is increased, while then enhanced frequency response in the low-frequency region
phase is distorted even furthfunless a linear phase FIR and better tracking performance of time-domain signals than
(finite impulse respongaligital filter is used. In contrast to  the uncompensated system.
conventional equalizers, this study adopted a different ap-
proach of electronic compensation that seeks to increase the
bass level without disturbing the phase response so that the
waveform distortion is minimized. A very good collection of
references on loudspeaker development in last 30 years canMOVING-COIL LOUDSPEAKER
be found in Borwick(1994). A. Modeling

The majority of loudspeaker designers to date have fo- -
cused on the mechanical aspects of loudspeakavoms, In this section, a brief review of the model of moving-
1991). However, an increasing number of researchers areoil loudspeakers which is also similar to the Thiele-Small’'s
recognizing the potential of using modern control methods tanodel (Small, 1972 is given. The following definitions are
enhance the performance of loudspeakers. Radcliffe andsed(Beranek, 1954
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o % o If the circuit of Fig. 1) is referred to the electrical side, as
COBLLf shown in Fig. 1b), the current can be calculated as
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where the total resistance is defined R&Ry+R,+Rg.
Assume that|j wLg|<Ry) is in the low-frequency range and
@ ° T 2 [h ° % substitute Eq(1) into (2):
= 3 z = c=l/k
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ey, (jo)’Rm+jo(Rd+BI%)+Rk’
_ Equation(3) is a second-order system with a resonance fre-
\ y quency+k/m and damping modified by the fact&l. Note

(g R, R, Le Rg that a pair of lightly damped zeros are located at the same
[

¢ ] Bz frequencyyk/m. Conversely, if the circuit is referred to the
I mechanical side, as shown Figc], the coil velocityu. can

()

be solved as
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The low-frequency approximation of coil velocity, can be

FIG. 1. Electromechanical analogous circui. Analogous circuit of the  pgbtained by neglecting the inductance
mobility type; (b) electrical circuit showing motional electrical impedance;

(c) analogous circuit of the mobility type referred to the mechanical side. Uc J wBl ©)
e, R; input voltage and input resistance of the ey (jo)’Rim+jo(Rd+B1%)+Rk’
R power amptl|f|e{t d internal resist Equation (5) represents a second-order system with a dc
€g.Rg g?fk?e-cgecrl:ler;?orage and Internal resistance p,|cking zero and resonance frequengy/m.
eé output voltage of the power amplifier
Ry resistance for the velocity observer B. Implementation of the velocity observer
e voltage drop across the resist&, ! . ,
L. R induc?tance gnd resistance of the coil mea- In the far field, the sound pressure of a direct-radiator
EE sured with the voice coil blockedif=0) loudspeaker is related to the diaphragm velo¢Bgranek,
BI the electromagnetic coupling factmag- 1954. Hence, cone velocity is selected as the controlled
netic flux densitycoil length variable in our design. However, direct access of cone veloc-
e back electromotive forc€EMF) and the cur- ity requires sensors such as accelerometers that may result in
' rent of the coil adverse effects of mass loading. A simpler solution is the
U, fe coil velocity and Lorentz force self-sensing velocity observéDkadaet al, 1995. From the
M, ,Cy.fw €quivalent mass, compliance, and respon- ~ €lectrical side of Fig. (),
sive_n(_ass of th_e_ mechanical sy_sltem eg=(Ri+jwlLg)i +Blu,. (6)
Zur radiation mobility,Zyr=(Zur) ", Zmr : . .
being radiation impedance Knowing thati=¢,/R,, we can thus express the coil veloc-
ZyoT motional mobility of mechanical and acoust- ity Uc as
ical systems 1 Ri+iwl
m,d,k effective mass, damping, stiffness of the Ue= g7 eg—(%) ey 7
u

mechanical and acoustical systems
Hence, a velocity observer can be constructed based on the
idea of Eq.(7), provided parameterR,, R;, Lg, andBI

have been measured. However, common calibration proce-
dures(Beranek, 1954 that treat these parameters as ideal
constants appeared insufficient for our purpose. We use a
different approach to accommodate the frequency variation
I 1 ) of the parameters. Rewrite E(7) in terms of the output
MOT™ om+d+k/jw voltage of the power amplifieref)

An equivalent circuit can be drawn by using the mobility
analog, as shown in Fig.(@. Note that the resistand®, is
inserted in the circuit for measuring current of the coil. The
motional mobility Z,ot can be expressed in terms of equiva-
lent mass(m), damping(d), and stiffnesgk):
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FIG. 3. OP circuit of the self-sensing velocity observer.

velocity observer in Eq(11) is implemented by an OP cir-

20l cuit (Schaumanret al,, 1989, as shown in Fig. 3.

Magnitude(dB)

II. ROBUST CONTROL DESIGN
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The hybrid structure(Astrom, 1990 composed of a
feedforward controller and a feedback controller is adopted
in the control design. The design strategy is first to find an
H. feedback controller that stabilizes the open-loop plant,
where “plant” means “the controlled system.” The reason
for using a feedback module is to increase robustness against
plant uncertainties and perturbations so that the cone velocity
) t) is nearly constanfMorari and Zafirou, 1989 Next, a feed-

forward controller is introduced to achieve tracking perfor-
whereR/ 2R+ Rg. Now, settingu.=0 in Eq.(8) leads to mance without degrading the stability of the feedback-

, compensated system. It is noted that an optimally matched
Gu_ R, _ (R./RY) 2H(jw) 0 feedforward control is a step beyond merely using a linear
e, Ri+joLg 1+jol/(R//Lg) 1@), phase FIR digital filter that does not take into account the
phase response of the plant.

Frequency(Hz)
®)

FIG. 2. Frequency responses of electrical paramet@sBode plot of
H(jw)=Ry/(R{+]jwLg); (b) 1/BI.

1 !
Ucza eg—

R, u

g
where H(jw) is the blockedfrequency responséwith the
speaker diaphragm held still, i.e,,=0) between the voltage 5
drop across the current sensing resistor and the output volt-
age of the power amp“ﬁer The func“dﬂ(l w) is a first- The feedback structure of F|g 4is ConSidel;ed. To find
order low-pass function with the corner frequeney,  anH. controller, we weight the sensitivity functids(z) by
=R/{/Lg and dc levelH,=R,/R; . To satisfy the blocking W,(z), the control inputu(k) by W,(z), and the comple-

condition, we simply place a hard rubber stopper firmlymentary sensitivity functioff (z) with W5(z), where
against the cone. WitR, pre-specifiedR; andLg can be

. H. robust feedback controller

) o ) . 1
identified from the Bode plot ofl (jw), i.e., Y7)= ——
S2=1Tpmew (12
The Bode plot oH(j w) obtained for our system is shown in
Fig. 2(@). The remaining work is to identify the factor
(1/Bl). Dividing both sides of Eq(8) by e gives I Avgmented feedbackplanG () |
, i .
u. 1lle; (Ri+jole)e, " ) L =>{W.) { (k)
es Bl|es Ry e (1) P /l\'Wz(z) : z5(k)
: - u(k) + ‘
We then measure the coil velocity, using a Polytec OFV } ‘ PO O 1er (0
2500 laser velocity sensor. Form the frequency response: ] [ T— !
uc/es, egles, e,les, and the identified value of R : ;
+jwL)/R,, the factor (1BI) is determined, as shown in e - 1 —
Fig. 2(b). This factor appears to be frequency dependent. u(k) 0 e(k)
This frequency dependence entails the need to treat the factc - Controller
(1/Bl) in Eg. (8) as a filter so that the magnitude and phase
of coil velocity can be accurately described. The resulting FIG. 4. System diagram of feedback control.
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- P(2)C(2) to attenuate the excessive gain outside the control bandwidth.
T(z)= 15P(2C2) (13)  The pure delay, which will not introduce waveform distor-

tion, is essential in calculating the controller using the model
For good disturbance rejection and tracking performance, thgyatching principle, and is detailed as follows.

nominal performance condition must be satisfigdoyle The matching procedure is based on the criterion.
et al, 1992 Let the squared error be
[Sz)Wi(2)]l..<1. (14 e2=[M(2)-C(2)G(2)[3, (2D

On the other hand, for system stability against plant perturyhere the 2-norm of a transfer function is defined as
bations, the robustness condition must be satisfied

1 - . 1/2
IT(2)Ws(2)]..<1. (15) IIG(Z)Ilzé(Ef_WIG(eJ%IZdH) : (22

The tradeoff betweerS(z) and T(z) dictates the perfor- The feedforward model matching problem reduces to finding
mance and stability robustness of the feedback design: 3 stable transfer functioB(z) to minimize €2. We perform
aninner—outer factorization(Doyle et al,, 1992 on G(2):

IS(2)W1(2)|+[T(2)Wa(2) [l <1 (16)
The input—output relation of the augmented plant of the G(2)=Va(2)Vm(2), (23
feedback structure is with V4(z) being an all-pass function and,,(z) being a
_ minimum phase function. Substitute E@3) into Eq. (21)
Z4(2) Wa(z) ~Wi(2)P(2) and omitting(2) for simplicity, we have
Z,(2) 0 W, (2) D(2) ) 2 1 2
Z5(2) = 0 Wy(2)P(2) U(2)|’ (17 62:||M_VanC||2:”VaVa M_VanC“z
E(2) 1 —P(2) =[Va(Va M=V O)3=[Va M=V, Cl5.  (29)

whereZ,(z), Z,(z), andZ;(z) are controlled variables, and In the last step, the fact that, has a bounded constant

P(z) is the open-loop plant. The extraneous inpz) con-  Magnitude on the unit circle is used. Now, decompose

sists of the reference(k) and disturbancel(k). The signals V5 "M as follows:

U(z) and E(z) are the control input to the plant and the ~1pg — -1 -1

measured output from the plant, respectivelyHn theory, Va™M=(Va M) +(Va ™M), @9

the suboptimal condition of the feedback controller readswvhere (\/;1M)+, and (\/;1M), correspond to the unstable

(Doyle et al, 1992. part and the stable part, respectively. Then &4) can be
rewritten into

Wi(2)S(2) , B ,
W,(2)R(2) <1, (18) &=[(Va ™M) +(Va M) =V, Cll
Ws(2)T(2) ] 1|, =[(Va M) L[5+ [[(Va M) - = ViCl. (26)
where The Pythagoras theorem in Hilbert space is used in the last
C(2) equality. Thus the optimaC,.(z) becomes
R(z)= 15P(2C2) (19 Cop2) =V (VaM)_. 27

In H,, control synthesis, the optimal tradeoff betweenm_ EXPERIMENTAL INVESTIGATIONS
performance and stability robustness is achieved by tuning
the weighting functiondV,(z), Wy(z), andWs(z). In gen- The experimental setup is composed of a one-way
eral,W;(z) andW;(z) are chosen as a low-pass function andclosed-box woofer with an 8-in. moving-coil direct radiator
a high-pass function, respectively. The details of how to sespeaker driven by a 30-W power amplifier, a mid-range
lect the weighting functions can be found in Bai and Lin speaker, and a tweeter driven by a 25-W power amplifier.
(1997). Prior to controller design, the model of the plaB(z)
needs to be determined. One way of constructing the plant
model is to identify all parameters in E(p). Alternatively,

Having stabilized the plan®(z) by the feedback con- one may use a system identification procedure to construct
troller, the design effort can then be focused on finding ahe model, based on the input dag@a and output datai .
feedforward controlleiC(z) which makes the plant output This paper chose the latter approach which may capture
track the desired output of a reference molz). In our  more dynamics overlooked by the low-frequency analytical

B. H, feedforward model matching controller

study,M(2) is chosen as the following function: model in Eq.(5). The comparison in Fig. 5 shows good
7719(1.4695-0.0602 1) agreement between the measured frequency response and the
M(z)= 1205305 1 (20 regenerated frequency response of the identified plant.

On the basis of the identified plant, the aforementioned
Note that the above function contains a pure delay tefff  H., procedure andH, procedure are applied to obtain the
and a first-order low-pass function. The low-pass function ioptimal feedback controller and feedforward controller, re-
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FIG. 5. Comparison between the measured and the regenerated frequency ~ FIG. 7. Frequency response of thie, feedback controller.

responses of the open-loop plant. Measured data ——— ; regenerated data

identification procedurdJuang, 1994 The measured fre-
guency response and the regenerated frequency response of
spectively. The feedback controller is implemented by an ORhe compensated plant are compared in Fig. 9.HByopti-
circuit to avoid excessive delay, whereas the feedforwargnization, the optimal feedforward controller is foufigig.
controller is implemented by a digital filter on a 32-bit 10). As expected, the controller exhibits high gain in the
floating-point DSP(TMS320C3) with a sampling rate 2 |ow-frequency range.
kHz that is nearly five times of the control bandwidth, which The feedback controller and the feedforward controller
meets the Nyquist sampling criterion. A two-channel 16-bitare hence combined to enhance the bass quality of the audio
input/output daughter module is used. The board is equippegystem. Although coil velocity is the controlled variable in
with anti-aliasing filters and smoothing filters. The dynamicour design, a monitoring microphone is also set in the far
range of quantization is 90 dB. The total system diagram igield (20 cm away to evaluate the acoustical performance.
shown in Fig. 6. The frequency response of the feedbackhe frequency responses for the uncompensated system and
controller and the associated electric circuit of the analoghe system compensated by the hybrid control are compared
controller are shown in Figs. 7 and 8, respectively. Prior tan term of the coil velocity and the far-field sound pressure
the feedforward controller design, the model of the feedbaCk(Figs_ 11 and 1R The experimental result shows significant
compensated plant is determined via a frequency-domaifinprovement of bass quality by driving the low-frequency
limit of the loudspeaker from approximately 60 Hz down to
20 Hz. The magnitude enhancement ranges from 3 dB to 20
dB throughout the 400-Hz control bandwidth. In addition,

CD - o .
Player > AMPHI = = the phase linearity is not degradédith a pure delay be-
cause of the electronic compensation. Note that there is a
Plant G(z) hump around 10 dB. This peculiar result is done on purpose
Analog Lot TT TSI osmomommmmmes ~
feedback
controller w‘_l ™
cia | 2w L amprr [ =Velocity =8 = . ¢ =
; o Y v,
igital (DSP) | + e —_i>————o ‘
feedforward 1 Woofer > >
controller ! 139.7 11097
. Vm 14.42k 29.88k
5 V() o— Ly I —| (-
2208k = 18.28k 11.9%k = 60.35k
Closed, if feedback control l l
FIG. 6. Total system diagram of the bass-enhanced audio system. FIG. 8. Circuit diagram of théd,, feedback controller.
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FIG. 9. Comparison between the measured and the regenerated frequencP/G 11. Frequency responses between a white noise input and the cone

responses of the feedback-compensated plant. Measured data ———; re->" -
generated data —. velocity output for the uncompensated system and the compensated system.

Control off —; control on ———.

by giving more weight to the low-frequency response of the

feedforward controller. After a subjective evaluation, we felt!V- CONCLUSIONS

a booste'c,i bass_ would give a more impressive sense Of_ “SU- Modern control technigues are exploited to enhance the
per bass” than just a flat response..To test thelpractlcahty Ofow-frequency performance of moving-coil loudspeakers,
the proposed system, a pop music sample is used as tigyer the ejectromagnetic properties and acoustical con-
command signal to evaluate the tracking performance of theyaints A self-sensing velocity observer is developed for
hybrid controller. The time-domain responses for the uncoMz e velocity estimation without additional motional or
pensated system and the compensated system are compafed, stical sensorst.. feedback control is employed for ro-

in Fig. 13. It is evident from the comparison that the pro-y ot stapilization, while théi, feedforward model matches
posed system indeed produces more satisfactory tracking

performance.
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sound pressure output for the uncompensated system and the compensated
FIG. 10. Frequency response of tHg feedforward controller. system. Control off —; control on ———.
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tions, e.g., control speakers for active noise cancellation, lin-
ear electromagnetic actuators for active vibration control and
isolation, where efficient low-frequency response is crucial.
Since the research was originally targeted at the subwoofer,
1 only one driver was tested. However, the feasibility of the
proposed technique applied to the systems of multiple driv-
ers should be examined. Future research is planned in these
areas.
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