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Abstract
In this paperwe analyseandexperimentallyverify the (local) disturbanceat-

tenuationpropertiesof someasymptoticallystabilizingnonlinearcontrollers

for Euler-Lagrangesystemsreportedin the literature.Our objective with this

studyis twofold: first, to comparethe performanceof theseschemesfrom a

perspectivedifferentfrom stabilizability;second,to quantifythebasictradeoff

betweenrobuststabilityandrobustperformancefor thesedesigns.Weconsider

passivity-basedandfeedbacklinearizationschemesdevelopedfor the control

of DC-to-DCconvertersandrigid robots.Theresultsarereadilycheckedand

analysedfor theDC-to-DCconverterin theexperimentalset-up.

1 Intr oduction

A lot of researchin recentyears has been devoted to the
problem of developing control algorithmsfor mathematical
modelsof physicalsystems. In view of its practicalinterest
many researchershave concentratedon mechanical,electro-
mechanicalandpower electronicsystems.Several alternative
approacheshave beentakento designasymptoticallystabiliz-
ing controllersfor thesesystems.For instance,passivity con-
ceptshavebeeninvokedto controlrobots,e.g.,[20], [18], [12],
[3], inductionmotors[7], andDC-to-DCconverters[16]. Feed-
backlinearizationis anothertechniquethat is usedto control
thesesystems,e.g.,[19], [11], [15].

In applicationsthesesystemsaretypically subjectto exter-
nal disturbances.For instance,the regulatedvoltagein con-
verterdevicesis perturbedby fluctuationsin theexternalvolt-
agesource.Ourmainmotivationin thispaperis to analyseand
comparethedisturbanceattenuationproperties,andsimultane-
ously the robust stability measure,of some(local) nonlinear
controllersfor Euler-Lagrangesystemsreportedin the litera-
ture. We usetools providedby the recenttheoreticalresearch
on the analysisof the � 2-gain of nonlinearsystems,e.g.,[9],
[21]. Furthermore,we show the resultsof someexperiments
thatwereperformedto verify theresults.

Theremainingof thepaperis organizedasfollows. In Sec-
tion 2 we considerDC-to-DC“boost” converters,andits con-
troller schemes.We presentsomeof the disturbanceatten-
uation propertiesof theseschemes.In Section3 we briefly
presenta similar � 2 gain analysisfor rigid robots. We con-

tinuein Section4 with theexperimentalresultson theDC-to-
DC converter. We wrap up the paperwith someconcluding
remarks.

2 DC-to-DC Converters

2.1 Model and Stabilization Problem

We considerthe switch–regulated“boost” convertercircuit of
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Figure1: ”Boost” convertercircuit

theswitchpositionfunctionv, maybespecifiedasfollows,

v� t �	� 1 for tk 
 t � tk � µ� tk � T
0 for tk � µ� tk � T 
 t � tk � T

wheretk representsa samplinginstantdefinedby tk
 1 � tk �
T � k � 0� 1������� ,; theparameterT � 0 is thefixedsamplingpe-
riod, alsocalledthe duty cycle. Theduty ratio function,µ����� ,
rangingon theclosedinterval � 0� 1� , is thecontrol input to the
averagePWM modelgivenby [16]

ż1 � � u
1
L

z2 � E � w
L

ż2 � u
1
C

z1 � 1
RC

z2 (1)

whereu :� 1 � µ, andwe denoteby z1 andz2 the averagein-
put inductorcurrentandtheaverageoutputcapacitorvoltage,
respectively. As discussedin [16] this modelaccuratelyde-
scribesthebehavior of theconverterprovidedtheswitchingis
sufficiently fastandthecapacitorvoltageis boundedawayfrom
zero,i.e.,x2 � ε � 0.



2.2 Control Laws

In thissubsectionwerecalltwocontrollawsproposedin thelit-
eratureto regulate(1). In theabsenceof externaldisturbances,
i.e., whenw � 0, they both achieve (local) asymptoticstabi-
lization, that is, they insurethat for suitableinitial conditions
z2 � Eo � const� E with internalstability.

A. Passivity-basedcontroller
In [16] the following (nonlineardynamicstatefeedback)con-
troller thatpreservespassivity of theclosedloopwasproposed

ż2d � � 1
RC

z2d � E2
o

Ez2d
E � R1 z1 � E2

o

RE
�

z2d � 0 ��� 0 (2)

u � 1
z2d

E � R1 z1 � E2
o

RE
(3)

whereR1 � 0 is a designparameterthat injects the damping
requiredfor asymptoticstability.

B. Feedbacklinearizing controller
In [15] a (nonlinearstatic statefeedback)controller that lin-
earizestheinput-outputbehaviour of thesystemwasproposed
asfollows. Considerthe circuits total energy that is givenby
H :� 1

2 � Lz2
1 � Cz2

2 � . Applying thecontrol

u � 1

� EL � 2
RCz1 � z2

2
R2C
� a1

R �
a2C
2

z2
2 (4)

� a1E � a2L
2

z1 z1 � E2

L
� a2Hd

wherea1 � a2 � 0 arethedesignparameters,and

Hd :� E2
o

2
� C � L

R2E2 E2
o ���

yields in the new coordinates� H � Ḣ � the closedloop linear
modelgivenby

Ḧ � a1Ḣ � a2H � a2Hd (5)

NoticethatHd is chosensuchthatasH � Hd wehavez2 � Eo

asdesired.

2.3 DisturbanceAttenuation Properties

In this subsectionwe will give theresultsof studyingthedis-
turbanceattenuationcapabilitiesof the two controllersgiven
above. Sinceboth controllersachieve local asymptoticsta-
bilizability, the disturbanceattenuationcapabilitieswe study
are obviously local too. Furthermore,by the Total Stability
Theorem(see[8]) the internalstability of theclosedloop sys-
tem implies that the solutionsstill exists in a neighborhood
of the equilibrium for the disturbancesw ��� 2 � � c� , where
� c� � � w ! supt " w "$# . In order to usethis resultwe have to
considersmall signal disturbances,i.e., in the remainderwe
assumewithout further mentioningthat we are dealingwith
smallsignaldisturbances.

Towards this end, we will evaluatesomeboundson the
achievable � 2 gain of the closedloop operatorfrom the ex-
ternaldisturbancew to the regulatedoutputz2. The qualifier
“achievable” stemsfrom the fact that theseboundsare inde-
pendentof thecontrollerparameters.

It shouldberemarkedthat,contraryto whatis oftenthecase
in theliterature,wedo not treatstability togetherwith thedis-
turbanceattenuation.

Preliminary Lemma
First, we presenta lemmawhich establishesan � 2 gainprop-
erty of the passivity basedcontroller. This lemmawill be in-
strumentalfor theanalysisbelow.

Lemma 2.1 Considerthe system(1) in closedloop with the
controller(2), (3). Then,the� 2 gain1 of theoperatorTwz̃2 :
w %� z̃2, wherez̃2 :� z2 � z2d, canbemadearbitrarilysmall
with a suitablechoiceof thedesignparameterR1.

Proof
Define z̃ :� z �&� E2

o
RE � z2d � T . We find it conveniento write the

equationsin statespaceform

ẋ � f � x� � g � x� w� (6)

wherewe have definedx �'� x1 � x2 � x3� :�'� z̃1 � z̃2 � z2d � , and f � x� ,
g � x� areobtainedin anobviousmanner. Theequilibriumof this
systemis givenby f � x0 �(� 0,x0 �)� 0� 0� Eo� . As “output” signal
we takey � h � x� :� x2. We know that (e.g. [21], Theorem2)
if for γ � 0 thereexistsa smoothnonnegativesolutionV � x� to
thefollowing Hamilton-Jacobiinequality

∂V
∂x
� x� f � x� � 1

2
1
γ2

∂V
∂x
� x� g � x� g � x� T ∂TV

∂x
� x�

� 1
2

hT � x� h � x� 
 0� V � x0 �*� 0� (7)

then the � 2 gain of Twz̃2 is smallerthan or equalto γ. The
functionV � 1

4Rz̃T + z̃, where+ � diag� L � C � isasolutionof (7)
providedthatγ2 � R

4R1
. Thus,γ canbemadearbitrarilysmallby

choosingR1 arbitrarily large.Thisconcludestheproof. ,-,.,
Fromthelemmaaboveweseethatincreasingthedamping(R1)
wedecreasetheeffect of thedisturbanceson thesignalz̃2. On
theotherhand,fromcloserobservationsof thepreviouslemma,
onemight betemptedto try a high-gaindesign,which a more
carefulanalysisrevealsnotto beagoodidea.To seethisnotice
thatz̃2 � 0 doesnotimply thatz2 � Eo asdesired,unlessz2d �
Eo as well. To study the behavior of the latter considerthe
signalη :� 1

2 � z2
2d � E2

o � , whichsatisfies

RCη̇ �/� 2η � R1E2
o

E
z̃1

This equationclearly shows that increasingthe dampingwill
inducea “peaking” in η, and consequentlya slower conver-
genceof z2d � Eo.

1Werecallthat the 0 2 gainof anoperatorT : 0 m
2 1 0 n

2 is definedas

2
T
2

i2 34 sup
u 576 2

2
Tu
2

22
u
2

2

where
298:2

i2 is the 0 2 inducednorm,and
298:2

2 the 0 2 norm,seee.g.[5]



Lower Bounds
It is importantto remarkthat the “ideal” disturbanceattenu-
ation propertyof the passivity basedcontrollerestablishedin
lemma2.1 is with respectto theoutputsignalz̃2, while theac-
tual regulatedoutputof thesystemis z2. Unfortunately, in the
following theoremweareableto provewith thehelpof aresult
that relatesthe � 2-gain of the nonlinearsystemwith the � 2-
gainof its linearization,that for neitheroneof thecontrollers
wecanactuallyobtainarbitrarilysmalldisturbanceattenuation
for z2.

Proposition 2.2 Considerthe system(1) in closedloop with
the passivity-basedcontroller(2), (3). Then,the � 2 gain
of theoperatorTwz2 : w %� z2 satisfiesthelowerbound

" Twz2 " i2 � Eo

2E

On the other hand,for the linearizingcontroller (4) we
have thelowerbound

" Twz2 " i2 � L3E3
o

E3CR2 � 2LEE2
o

Proof
Theproof is basedon the linearizationof theclosedloop sys-
tems,andProposition6 of [21], which provesthat if the lin-
earizedsystemhas� 2 gain �;� � � γ thentheoriginalnonlinear
systemalsohas� 2 gain �;� � � γ. ,.,-,
An Upper Bound for the Passivity-BasedController
The above propositiongives limits on the achievable distur-
banceattenuationwhich dependon thesystemparametersand
desiredsetpoint,but areindependentof thedesignparameters.
In thefollowing propositionwe give a formulationfor theup-
perboundonthedisturbanceattenuationfor thepassivity based
controller.

Proposition 2.3 Considerthe system(1) in closedloop with
thecontroller(2), (3) with thedesignparameterR1 � E

Eo
.

Then,for all disturbancesw suchthatz2d � t ���<� 1
2Eo, we

have thebound

" z2 " 2 
 γ̃ " w " 2
whereγ̃ is thesolutionto thefollowingoptimizationprob-
lem

γ̃2 :� min
K3 = K4

1
2R1
� K3K2

4Eo

K4 � 1

with R1 
 E
Eo
� 1

K3
� 1 , K3K4 � RE

Eo
, K3 � 1,andK4 � 1.

Proof
The proof is givenby carefulanalyzingandextendingthe re-
sultsof Lemma2.1,seee.g.[14]. ,.,-,
Thefollowing remarksarein order:> Even thoughwe cannot solve analyticallytheoptimiza-
tion problemposedabove, standardsoftwarecan be usedto
find γ̃ for a givensystemanda dampinggain satisfyingR1 �
E
Eo

. It is interestingto notethatthe latterboundexhibits again
thetradeoff betweenrobuststabilityandrobustperformanceto

externaldisturbances.This stemsfrom thefact thatR1, which
relateswith theconvergencerateasexplainedin Section2.3.1,
cannotbe chosenlarger than E

Eo
to insurethe disturbanceat-

tenuatioñγ. Furthermore,theexpressionsabove provide some
usefulguidelinesfor theselectionof thesystemparametersto
enhancethedisturbanceattenuationpropertiesof theamplifier.> Notice from (3) that to avoid singularitiesthe controller
statez2d shouldbe alwayspositive and boundedaway from
zero. As discussedin [16] this requirement,which is con-
sistentwith the domainof validity of the averagedmodel, is
neededeven in the absenceof external disturbances.Hence,
theassumptionmadeabove onthedisturbancesis by nomeans
restrictive in thepresentcontext.

3 Rigid Robots

In thissectionwebriefly considertheproblemof attenuationof
inputdisturbancesin rigid robotsperformingatrajectorytrack-
ing task. In this casewe will provide conditionson the con-
troller tuning parameterssuchthat both, passivity-basedand
feedbacklinearizationschemes,yield closedloopswith arbi-
trarily good disturbanceattenuationpropertieswithout com-
promisingtheconvergencerate.Thesolutionof theHamilton-
Jacobiinequalityfollowsfrom a similar analysisasin Lemma
2.1,byconsideringthephysicsof thesystem,andaddingaterm
to fulfill theinequality. In otherrelatedwork (i.e.,[13], [1],[2])
theproblemof designinga controllersuchthattheclosedloop
satisfiesan ��� boundis considered.This in contrastwith our
approach(see[14]) wherethe emphasisis on deriving condi-
tions for existing closedloop schemesto achieve suchdistur-
banceattenuationproperties.

It is well known (e.g. [19]) that the free dynamicsof rigid
robots(with rotationaljoints)aredescribedby

D � q � q̈ � C � q� q̇� q̇ � G� q �?� u � w (8)

whereq �A@ n denotesthejoint angularpositions,d1I � D � q � �
d2I � 0 theinertiamatrix,C � q� q̇� q̇ thecentrifugalandCoriolis
forces,G� q � the gravitational forces,andu the input torques,
which we assumeareperturbedby someexternaldisturbance
w.

The kj th elementof C � q� q̇� is univocally definedfrom the
elementsof D � q � via theChristoffel symbolsof the first kind
[12] suchthat

Ḋ � q �?� C � q� q̇� � CT � q� q̇� (9)

In theabsenceof externaldisturbances,a globallyexponen-
tially stablecontrollerthatpreservespassivity in closedloop is
givenby

u � � D � q ��� q̈d � λ ˙̃q �B� C � q� q̇��� q̇d � λq̃ � (10)

� k1 � ˙̃q � λq̃ �?� k2q̃ � G � q �
whereqd � t � is the desiredangulartrajectory, q̃ � q � qd, and
λ � k1 � k2 � 0 aredesignparameters,seee.g. [3]. We are in-
terestedherein thechoiceof theseparametersfor optimalat-
tenuationof the torquedisturbanceon the positionandspeed



trackingerrors.Thesolutionto this problemis summarizedin
the propositionbelow. As mentionedbefore,a similar result,
aswell asits extensionto flexible joint robots,maybefoundin
theworksof [1], [2].

Proposition 3.1 Consider(8) in closedloopwith (10)with the
outputsignalz :�C� q̃� ˙̃q� T. For a fixedγ � 0, assume

k1 � 1
2
� 1
γ2 � 1 � λ ��� k2 � 1

2λ
� λ2 � λ � 1 �

Undertheseconditions,the � 2 gainof the operatorTwz :
w � z satisfiesthe bound " Twz " 2 
 γ. Consequently, ar-
bitrarily gooddisturbanceattenuationis achievableby in-
creasingthegaink1.

Proof
Theprooffollowsimmediatelyby pluggingthequadraticfunc-
tion V � s� q̃� :� 1

2sTD � q � s � k2
2 ! q̃! 2 in the Hamilton-Jacobiin-

equality(7), wherewehave defineds :� ˙̃q � λ � q̃, ,.,-,
In contrastwith theconverterproblem,in this casethereis no
tradeoff betweenconverge rateanddisturbanceattenuationto
be made. This seemsto stemfrom the fact that rigid robots
are fully actuatedsystems,that is, the numberof degreesof
freedomis equalto numberof controls.

Its easyto seethatasimilarpropertyis enjoyedby thefeed-
backlinearization(computedtorque)controller.

4 Experimental results

4.1 Configuration for the DC-to-DC converter

Theexperimentalcardwasassembledusinglow costcommer-
cial electronicelementsplacedon a carddesignedin thelabo-
ratory. In Fig. 2 weshow theexperimentalset-upconsistingof
theboostcircuit cardthatreceivescontrolsignalsfrom a D/A
converterof aDSpacecardplacedin aPC.TwoDC powersup-
pliesarenecessary, oneof themto provideenergy to thesystem
(we’ll refer to it asthe power supplyin therestof thepaper),
andtheotheroneto feedtheelectronicpartof thecard.
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Figure2: Experimentalset-up

4.1.1 Boostcircuit card description

Themaincardis formedby a boostcircuit, apulsewidth mod-
ulation circuit (PWM), a currentsensor, a currentto voltage

converterandavoltagedivisorfunctioningassignalcondition-
ers.

Theboostcircuit is composedby aninductor, a capacitor, a
resistive charge anda switch, the last oneis implementedby
interconnectinga FET transistorand a rapid diode in a suit-
ablemanner, andfed by a DC power supply. Thevaluesof the
elementscanbefoundin table1.

Element Value Unities
Capacitance 1000 µF
Inductance 170 mH
Resistance 100 Ω

Powersupply 10 Volt

Table1: Valuesof theelements

A currentsensoris introduced,which is usefulin thecontrol
laws. We canconnector disconnectanotherresistive charge
to the output by meansof a digital signal coming from the
DSpacecard,givingusthepossibilityto introducedisturbances
in theresistive charge. A driver hasbeeninterconnectedwith
thepowersupplyandthecircuit in orderto adddisturbancesto
thepowersource.

4.2 Experiments

The two control schemesthat we studyin the presentarticle,
i.e., the Passivity BasedController (PBC) and the Feedback
Linearizing Controller (FLC), have beenimplemented. We
studytheclosedloop behaviour for disturbancesin the power
supply, for variationin the outputresistance,andfor changes
in the desiredoutputvoltage. In all the experimentswe have
as a desiredoutput voltageVd � 20 Volt unlessotherwiseis
indicated.

4.2.1 Typical responses

In Fig. 3 andFig. 4 we show the typical responsesfor the
systemunderPBCandFLC, respectively, they includethe in-
ductorcurrentx1 � t � , capacitorvoltagex2 � t � duty ratio µ� t � and
for the PBCalsothedesiredcapacitorvoltagez2d. The fami-
lies of curvescorrespondto differentvaluesin theparameters
R1 for thePBCanda1 � a2 for theFLC.
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Figure3: Typical responsesfor PBC
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Figure4: Typical responsesfor FLC

4.2.2 Frequencyresponseto periodic disturbancesin the
source

In this experimentwe considerthe frequency responsesof the
outputvoltageunderperiodicperturbationsintroducedin the
power supply. Hence,we addto the E sourcea perturbation
w � t �9� Awsin� 2π f t � for differentvaluesof f , andfor Aw � 3
Volts. We can concludeform the experimentthat thesefre-
quency responsesaresimilar to low passfilters.

In thecaseof thePBC,thecutoff frequency goesfrom less
than0� 1Hzto 8� 1Hzwhereasfor theFLC it goesfrom lessthan
0� 1Hz to 4� 5Hz. This frequency dependson the givenpower
converterparametersandwecantry to vary it by changingthe
designparametersR1 anda1 � a2 respectively. For PBCbig val-
uesof R1 producesmall valuesof this frequency, andfor the
FLC wecanseethatfastpolesalsoreducethecutoff frequency.
It is importantto remarkthatthecutoff frequency is relatively
small comparedwith the naturalline frequency noise,which
meansthat therejectionof this kind of naturalperturbationsis
assured.

4.2.3 Tracking a desired voltagesignal

Thecontrollersaredesignedfor regulation,but in someappli-
cationsit is desirablefor the closedloop systemto follow a
time-varyingoutputsignalVd � t � . Theexperimentis performed
with signalsof the form Vd � t �D� Vd0 � AVdsin� 2π f t � , andwe
initiate in Vd0. This meanswe only considerthe alternating
partof theresponse.

Fromthe frequency responsesfor the trackingproblem,we
obtainthe cutoff frequenciesfor both controllers,i.e., for the
PBC fc � 3� 1Hz which is fixed independentlyof thevalueof
theparameterR1 andfor theFLC it couldgo from fc � 2� 0Hz
to fc � 10� 5Hz, wherethe largestvalue can be obtainedby
chosena1 � a2 in sucha way that the correspondingdamping
coefficient is smallandthenaturalfrequency high.

The typical tracking responsesof the closedloop systems
have beenobtained(but are not shown due to spacelimita-
tions),wherewehave chosenparametersthatgivesimilartypi-
cal responses.Thevalueof thefrequency for thedesiredsignal
is setto f � 2� 0Hz in bothcases.It canbeobservedthatin this

particularcasetheresponseof theFLC schemehasansmaller
delaywith respectto thedesiredsignal.

4.2.4 Responseto an � 2 disturbancesignal

In thisexperimentweaddan � 2 disturbancesignalto thepower
supply. We do this by meansof a squaredsignalfrom a signal
generator. Characteristicsof this signalare: amplitude3Volt
andduration0� 1sec. In Fig. 5 and6 wecanseetheresponseof
thecircuit variablesagainfor differentparametersvalueswhen
thisdisturbancew � t � is applied.
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Figure5: Responseto a w � t �E�F� 2 for PBC
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Figure6: Responseto a w � t �D�G� 2 for FLC

Signalw � t � is appliedaftertheoutputhasarrivedto theequi-
librium point. Hence,in orderto computethe � 2 normof the
output,we only have to considerthe errorsignalx̃2 � t � caused
by thedisturbance.

Fromtheseexperimentsweobtainthefollowing gains

γPBC � " x̃2 " 2
" w " 2 � 0� 6506 � 0� 9910 PBController

γFLC � " x̃2 " 2
" w " 2 � 0� 6855 � 1� 9787 FL Controller

where,in PBC, the smallestvaluecorrespondsto a large R1,
andin FLC, the smallestvalueof γ correspondsto a large a1

andansmalla2.



On theotherhand,substitutingtheparametersvaluesgiven
in table 1 into the equationsfor the lower boundsgiven in
Proposition2.2, we obtainfor the PB andFL controllers,re-
spectively,

!H! Twz̃2 !H! i2 � E0

2E
� 1

!H! Twz̃2 !H! i2 � L3E3
0

E3CR2 � 2LEE2
0
� 0� 0035

As we can seethe valuesobtainedfor the FL controllersfit
within thesebounds.On theotherhand,thevaluesfor thePB
controllersdonotfit, hencetheapplieddisturbancemaybenot
largeenoughin an � 2 sense.

Theupperboundfor thedisturbanceattenuationfor thecase
of PBC is obtainedas the solution of an optimizationprob-
lem. This yields γ̃ � 36� 8356,R1 � 0� 4269,K1 � 100� 1178,
andK2 � 0� 0685.

In Fig. 7 we presenta 3D graphicfor γ̃2 asa function of
parametersK3 andK4 thatfits the conditionsgivenin theop-
timizationproblemfor thesetof parametersin therealcircuit.
In this graphicthe optimal point is markedwith a starandis
locatedat theperimeter.
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5 Concluding Remarks

The long term motivation of the presentstudy is to provide
a framework to compare,from a perspective different from
stabilization,variousexisting controllersproposedfor Euler-
Lagrangesystems. A similar research,albeit specializedto
robotswith flexible joints,wasreportedin [4], wherethecom-
parisonwasbasedon continuitypropertiesandadaptivity. As
alternativeperformanceindicatorweproposehereto adoptthe
robustnessto externaldisturbances,which is measuredvia the� 2 normof thecorrespondingclosedloopoperator.

Currentresearchis underway to extendthis studyto other
systemsandcontrollers.In particular, weareinterestedin car-
rying out the analysisfor backstepping-basedcontrollersand
inductionmotors.
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[17] Sira–Raḿırez H., Rios–Boĺıvar M., “Sliding Mode Control of DC-
to-DC Power Convertersvia ExtendedLinearization”, IEEE Trans-
actionson CircuitsandSystems–I, Vol. 41, No. 10,652–661(1994).

[18] Slotine J.J., Li W., “Adaptive manipulatorcontrol: a casestudy”,
IEEETAC, AC-33, 995-1003(1988).

[19] SpongM., VidyasagarM., Robotdynamicsandcontrol, JohnWiley
andSons(1989).

[20] TakegakiM., Arimoto S., “A New FeedbackMethodfor Dynamic
Controlof Manipulators”,ASMEJ. DynamicSystems,Measurement
andControl, Vol. 102(1981).

[21] Van der SchaftA.J., “ 0 2-gain Analysis of NonlinearSystemsand

NonlinearStateFeedbackJ.K Control”, IEEE Trans. Aut. Contr.,

AC-37, 770-784(1992).


