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Abstract: A co鈴� tro]]erd容器� i伊� meth以� 1，caU奴� 1Coefficient Diagram Method (CDM)，is 
凶賊�  Juced.By this method the simplest cOlltroller to satisfy the specificatioll側� lbe 
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l. INfRODUcnON 

ld~謡ぉ，ctuato，議sensorsl1，In control system desig 

controJ]ers are ωnsidered as the設ueemajor 

components of the system. Howev怠� rd毒事� igntheory 

must be viewed as the fourth m轟~or component， 
becau総� itaffi詑� tsthe controller complexity greatlテ� 

τ'hus theory must be evaluated for its effectiveness in 

practical application ~掴ld 刻ot for its mathematical 

authenticity. 

AII the controJ system design for linear time 
~，1 invariant dynamic system boils down to proper 

selection of the characteristic poJynomials 

(denomillator polynomials)組� dproper selection of・� 

l1umerator polynomials for concemed inputぺ)Utput 

reJations. When these polynomials are properJy 

selected，the desigll of controJler transfer function is 
straightお� rward，at1d requires only宰� imple 

mathem誌� tics.τbeproper seJection of the 

characteristic polynomial is 110t difticult，if only 
stabiJity at1d respollse are to be satisfied，but it 
becomes ∞� mplicated when robustness issue is 

present. 百� le∞宮古� icientdiagram method (CDM) 

(Manabe，1991) is an answer to this problem. 

百� lepaper is organizedぉ� folJows.In Section 2，a 

simple desigll exampJe is iutr似� Jucedto give the total 

picture of CDM.百� lehistoricaJ backgr湖沼�  d()f CD話� 

alld its comparison with othω ∞ntml theories are 

given. In Section 3，basi路� ofCDM，such as 
mathematical ぉ� Jations，tJle coefficicnt diagram，and 
stabiJity，are given. In Section 4，the gむneraldcsign 

metJlodology of CDM is explained withむxample. 

2. BRIEF DESCRIPTION OF CDM 

2.1 Sim!lle ExampJe 

In order to give tJle general picture of CDM，a simple 

de喝� nexaJ却� leis given. Fig. 1 is a鮮側�  icblock 

diagrmn fl】ra DC motor position cOlltrol，where 
po喰� itiolly滋� Idvelocity v詰代詩沼郡記� d.τbeproblem i草

加良�  ndvelocity g沿Jl� k1and positioJl gain ku‘ 

FrolJl Fig. 1，the plant equatioIl is obta泌� edin説� 

differential equation form，where s d/dt.詰� 

(0.25 S3十1.25 S2 + s) Yコu (1) 

百� lecontroller equation is derived a.. follows. 

u=koYr-(kls+ko)y (2) 

By eliminating u，the closed-Ioop equation is dむrived. 

[0.25 S3 + 1.25 S2 + (k I 十� 1)叶� koly芯んが� Yr (3) 

百� leterm preceding y is the characteristic 
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polynomial denoted as P(s).τllus 

P(s) =0お� S3 + 1.25 S2 + (kけ� l)s+ko (4) 

=t a;sl 
I=O 

For stぬi1ity，all coefficieぉta
i 
mu毘� tt湾初日�  itivc，alld 

must be >旬、，2aj ，韮the Routh stability condition 

S畠� tisfied.τllisI闘� dsto the the following conditioll. 

k古� >0宅 k 1 > 0.2 k0 1 (5) 

宝llestabiJity region is shown in Fig. 2a，but，for the 
controUer design，specific'values for kj ruld kO mllst 

be determined. 

As w i1l be expJained later，stabi1ity index Y i ruld 

equivalent time constant τare defined 泌� follows. 

fig. 1. DCm内� lorpositioll cnntrol 
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(6b)1Iao=a1: 

~ ti2l> ~.5 ， 

From Eqs. (4) (6a) (6b)，a
i
舗� ldτcanbe expressed i n 

1.2 
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tenns of Y ias follows. 
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ao担 ko=ai/(02'1 1)=31.25/(yi'fl) (7b) 
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the besl choice of stability index is found to be 

Yi出[Y2 '1 1] [2 2.5]. (8) fig. 3. Step r田� ponse立� 

This 1儲� ds10 the following desig11 results. 

、、
� corresponds 10 greater stability as w il1 be latcr aj= [a3 α2 al 0.0]=[1 1.253.1253.]25] 

cxplained.τlle inclinalion at the right end 
kj=[kJko] [2.1253.125] 誌� 

corresponds to the eqllivalent time cOllstanlτ，which 
τ= 1 is the llIeasure of response speed. 


百� lestep response for these cases are shown in Fig. 3. 
百� lesettling time tis about 2.5τ. For this design Iss 

is about 2.5 sec. Sometimes it may not be necessary 

to have such fast r国� ponse.百� leninαease Y 2 while 

主宰� epingY I = 2.5 until a properτis oblained. [n this 

偽� seパ� heresults ar芭� 

o.j= [0.25 1.25 6.25 1'1 2 12.5 ，''I~] (10語)� 

kj =[(6.25 IY2 -1) 12.51'1~] (lOb) 

τ= 0.5 '12. (lOc) 

官� lewavefonns take similar Ilice fonns，beωuse Y 1 is 

批判� tothe optimum value of 2.5，組�  dY 2 is larger 

than 2. Bul the response speeds are different，and the 
sett]ing time tis found to be about 2.5τ. s 

There語� rem謹� nymeasure for robustness. One of such 

measures is t]Je percωt variation of ~ to the percent 

variation of k. . 
Byelimin語� tingY 2 from均・� (10語}加� d硝� i時Eqsσa) 

(7b) the relation between kJ翻� dko is obtained. 

koな� 0.32 (1 +k l)2 (11) 

For Y 2出� 6.25，3.125，2，the results are漁� OWIl in Fig. 

2a. Thi器� showsthe p詰� rameterva]ues of controlJcr to 

be taken in the stability region. 

百� lecoefficiellt diagr事� m is shown in Fig. 2b. 111C 

ωdi拙� teis the ωefficient a. ()f the ch畠� racteristic 

polynomial in log scaJe制� dthc abscis組� isthe oruer i 

in the d箆� celldingorder.百� leconvexity at i = 2 is 

more conspicuous for ]arge Y 2・LargerY i 

1) 1I o.J)(ak I Ik(k 

aaolα。=(k官Ia骨� )(akoIko) = 1 (ako1 k住)� (12b) 

For this c昌� se，the per;む� entvariation of of ais less 
i 

1han1i181 0f Ki ・� τllisis the indicatioll of good 

robustncss.τllisむal1 be e部� ilycxpressed i n the 

ωef行cIcntdiagram by ploUing kJ and ko wIth smalJ 

sq凶� resymbols besid出内総�  ld詰【� J(showlI for y 2 = 2)ー� 

τllus thじ� cocfficientdi品gmmsuch as Fig. 2t予 givesthe 

sufficicnt information about stability，respon日e，ruJd 
robustncss，lhe Ihrce major char詰� cteristicsof contro] 

= 0.68 (δk l!kl) (12a)aallαi 
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systems.τ l1e stability is given by curvature， lhe 

Z出� ponseis given by inclination，and the robustness is 
given by the squar容� symbols.From Fig. 2b，it is 

間� derstoodthat the泊� αeaseof y 2 corresponds to the 

inα'ease of robustness納� dstability with lh記録�  cri諮問� 

of response.ηle fact lhat slability，response，and 
robustness are exprωsed in the single diagram is the 

source of the effectiveness of CDM design. 

2.2 Historical Back~round 

百� leCDM has develo抑� 1over mauy previous ideas 

組� dexperien民� sin control system design. Some of 

the import謀総� topicswill beωvered in the fo]]owing. 

宝石記� firsttreatment of the polynomial approach is "On 

governors" by J. C. Maxwell in 1868 and the Routh 

slability crilerion in 1877 (Fran対� in，1994)，where lhe 
slability is analyzed using lhe ωefficients of lhe 

characteristic polynomial. However il keeps lhe 

original form of stability criterion since then制� dぉo 

further conspicuous effort h総� beenmade 10 make lhis 

approach a workable desigl1 methodology until 

Lipalov's wor孟� (1978). 

In 1950s，lhe frequency response melhod was widely 
used in ∞� nlrol syslem design. During lhal period，it 
was commonly reco，伊包� edlhal，for good syslem 
design，such αileria as the phase margin or gain 
margin were nol sufficienl剖� dthe企equency 

characteristics of the open loop総� nsferfunction 

should have proper shap記� fora fair1y wide企� equ儲� cy 

range (Tustin，1958). 

Cheslnut (1951) pointed out in his 印� lebraledbook 

the import語� nceof the relative location of br給量� points 

and the change of slop意義�  tthese br儲主� poinlsat the 

straighl line approximalion of lhe政成�  diagram(併 in 

onJy) of the open Joop悦郎�  ferfunction，剖�  dhe 

propo総� da design method ba脱毛� Jon lh出� efindings. 

His proposal was very practical，and h語sbeen widely 

used in industry not only in 1950s but even loday. 

百� leru]e of lhumb，such 1加� 1the straighl line 

畠� pproximationof the gain should inlersecl the 0 部� 

line at lhe slope of -20 dB/dec.，lhe change of slop窓� 

points be separ現� tedal least by faclor of two roughly 

corresponds to specifying器� tabilityindex Y ito be 

larger than two.τ l1e effort to ma主ethis rule 

applicable 10 more complex systems have led Jater 10 

the adoption of stability index rather than the b終法� 

points，and the adoption of lhe coefficient diagram 
rather than政� XI草� diagram，and finally culminated to 
CDM. 

G ral1am (1953)踏� deintensive蹴儲�  rch10ぬ� ldthe 

relation between the coefficients of characteristic 

polynomials細� dthe lransient responses，and proposed 
standard fonns for desirable characleristic 

polynomials.摂取�  iscommonly倍� UedITAE 

(Integral Time Absolute Error)級制�  da吋� form‘宮廷� 

values of ωtぽ� icientsof this録制�  dardfonn arむ� similar，� 
bul a Iittle more oscillatory，compared 10 the proposed 
values for CDM. 

官� leshortcoming of ITAE as a design approach is due 

to ils lack of flexibility. 勘� causeit gives a録制�  dard 

form for eaぬ� orderof characteristic polynomial妻� itis 

very inconvenient when lhe order varies in the COUf宮 E 

of design. Because it gives only one袋線� ldardform， 
加� dfails to show the way 10 rnodify il when 

nec総路�  ry，unreasonably unrobust conlroJJerωnbe 
designed al閃� rtainocc器sion(FrankJin，1994，p. 534， 

Ex.7.21). 

Around these time，Kessler (1960) made intensivc 
effo出� 10eslabJish synthesis (design) procedures for 

mu1ti-loop conlrol syslems，組�  dcame oul with a 

standard form，commonJy caUed鈴� KessJerCanonical 

MuJli-Joop Struclure".τ l1e proposed system is more 

stabJe ∞mpar以� Jto ITAE !>1andard form，and，for this 
reason，has been wideJy used in lhe steeJ mill controJ. 
However Kess]er's鋭鴎也氏� Iform has unnecessary 

overshoot of 8 %，詣 ndit was found that no雌� overshoot 

condilion保� nbe easi1y obtained by a sma]) 

modification of making Y I = 2.5 Illstead of 2.古� le 

CDM incorporates this modification. 

Various終� searchershave helped to deveJop lhe simil絞� 

idea in Europe (Brandenburg，1996) (Zaeh，1987) 
(Naslin，1968). However the lerm "doubJ容 総 �  tio"is 

us縦� Jinstead of stability index Y i ' because it is 

simply the ratio of ratios of議場� a田� ntcoefficients. 
at each br鵠� kpoinl should be 20 dB/d此，制� dthe 

'Yi )Iaj1-1 (αI1)・，1a，(α= (13)
br品主� points(time constant) should be se抑制�  edat 

least by factor of two，has been widely used in 
Kilamori (1979) propos叫 郎 総 �  provedversi側� ofthe

practi儲� 1des刷。，� fsimple control systems. 
approach of Graham (1953)，where lhe specificalion of 

For such simple conlroJ system，the separation of the characteristic poJynomiaJs was give滋� onlyfor the 

Jow order，組�  dthe flexibiJily of design was greatJy 
br悶� kpoints approximateJyωrresponds 10 the 

improved.
stability Index.τ l1e rule of thumb that the break 



Stability of control systemsωn be analyzed by Routh 

or Hurwitz criterion uti1izing coe杭� :ientsof 

ch議Z富� cteristicpolynomぬ� Is.However in this way the 

effi統文� ofthe variation of ∞e街� cientson stability is 

not c1earJy seen. Lipatov (1978) proposed sufficient 

conditions for stabiJity皿� dinstability. Because of its 

simplicity，the rel柑� onof stabilily and instability 

wilh r酪� pect10 the ∞e郎� cientsof the characteristic 

polynomials becomes very CI儲1:� These cOlH .lilions are 

泌� egralOO10 lhe desi，伊� pr.∞eduresof CDM. 

Especially it becomes a powerful design tool，when it 

becomes c1car that these conditiolls C語nbe casily 

shown on lhe coefficient di語.gramgraphical1ドIt a]so 

helps 10 CJ総ち� rlhe me制� ingof sl藷� bilityilldex τl1US候� 

the desi伊� er偲� ngraphicaJly design the characterislic 

polynomial on偽� ecoefficient diagram by fuJly 

..dexperiences 錨uliJizing his intuilion

In conlrol system design， c1 assical control theory剖� d 

modem conlrol thωry are widely used. But there is 

叩� oth容� rapproach calbJ a1gebraic approach，where 
polynomials are us絞� J'nstead of治� nsferfunctions 

(K謹i1ath，1980，p. 306) (Chen，1987) (Fran討� in，� 
1994，p. 564). This method does not say anything 
aboul choosing lhe proper characteristic polynomial 

for the given problem，組�  dit is usually do即� bypole 

畠� ssignment. However it gre畠� tlysimplifies the 

process of finding conlroller 会� omlhe given 

ch議racteristicpolynomial，加�  dlhis proc時� sis ad叩� '100 

inCDM. 

Asstated above，three features are a.雄対 10thc 

previous work in deriving the CD M.明� lefirst 

additio廷� isthe illtroduction of theωefficient diagram， 
where the important features of the control system， 

namely slabi1it払� response加� drobustness，are 
represeぉ� tOOin a gr叩� hic轟� Jmanner，and the 
under事tandingof lhe lolal syslem becomes much 

儲� sier.The se∞磁器� dditionis the improvement of the 

玄母� ssJer's st加� dardfon設，� by which the 8 % overshoot 

in Kessler becomes no overshoot. The third addition 

is the introduction of the Lipatov's sufficienl 

condition for slabiJity in lhc fonn compatible with 

the CDM. 

Inlhis way，the CDM has deveJo陣� 1f知� mlhe crude 

inf鵠� cy(1991) to a sound control design theory with 

，1994b畠，1994，ons (ManabeJapp1ica1i釦ysucωs 胡m

1997a，1998a). Tnaka (1992b) developed 

inde狩� ndentJysimiJ轟 rapproach by specifyingα 

parameter，which is lhe re吻� roca1 of stabiJity index， 
with successお� 1application to a g語� sturbine design 

(Tanaka，1992a). Hori (1994)附� dthe stabiJity index 

for the design of tW(川� nassresOllant system. Such 

trend will be further accelerdtむdwhen thc thcoretical 

foundationお� rthc CDM (Manabe，1997b，1997c) 
becomes c1carer. 

2.3 Comuarison with Othcr COlltrol TIleoriω 

刀� leoverview of the controJ design theorie器� areshown 

in Table 1. One group is the cl語s')icalcontrol and the 

other is the modem control. ln lhe middle，therc is 

thc third group，cal1cd the algcbraic approach.百� lese 

lhωries arc ch議ra1.1erizedby th記録�  athematical 

expression used for the部ystemreprescntatiol1， and the 

way the desigJl proceoos to obtain the ∞� ntrol1er and 

the c1osed-loop transfer funclIolI. 

As to thc malhem刻化a1� expression，the transfer 
dthe slate space (modem 給 与 額assicaJ cont(c1ction“お� 

ωnlrol) are commonly used.官� letr創� lsferfunction is 

儲� syto handle，but il become日制似�  JCatewhen pole耐

震� JOcancellation 侃� cuおお�  e10 unconlro]Jable or 

unob毘ervablemodes.百� lesl語� tespace is a∞urate級� d 

wcll-suited In m議chinecomputalion，but manual 
handling is very d路� cult.

百� lethird method is the poJynomial expression，where 
the denominator織を� dthe l1umeralor of the transfer 

負lsctionis handJ凶 asthe independent entity.百� lis 

expre総� ion ω~oys the開$加憾。fhandJing of lhe 

transfer負mctiontogelher with the rigor of the slate 

space，beωuse it is埼� uivalentto lhe slate器戸制t:e 

expression in control or observer canonicaJ fonn. 

The control system design problem can be 5t説tedas 

folJows; When the pl矧� tdynam ics and lhc 

perfonn制� cespecifications are given，fl1ld lhe 

むonlro]lerunder some practical Iimitation togelher 

with the c1osed-loop釘llnsfcrfunclion such thal the 

perfonnance specitications aJld conlroller practical 

Iimilalion are r容器� sonablysalisfied. 

Etble 1 Overview of control desi四� theories 
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One way to pro岱� edsin d部� igl】� i器� 10assume the 

contro11er under practicaJ limitation flrst，創� 1dthen 

obtain the cJosed-loop transfer fi川� ction. After that，it 
is checkl吋� againstthe performance specification. If it 

i皐� notsatisfactory，modify the Con1ro]]er加� drep錨� 11he 

process.官1Isapproach is凶� lledas "Open-loop 

approach"組� dmainJy used in the cJassical cOlltrol 

design. 

τbe other way is to filld the cJosedωloop transfer 

負mctionto meet the perform組� cespecification first， 
組� dthen obtain the contro]]er. If the controJJer does 

not sa1isfy 1he practicaJ 1imi1ation，modify the cJOs伐� 1-

Joop transferお� nction組� dr沖縄�  tthe process. This 

approach is伺l1edas "Closed-loop approach"凱� d 

mainly used in the mod窓口� 1control design. 

百� 1ethird approach is to specify partiaJJy the cJosed-

loop transfer向� nction凱� dcontro]]er at firs t，制�  d必抑� le 

the rest of parameters by d悲� sign.τ 'hisapproach is 

白� lled"Simu1taneous approach"組� d used in CDM. 

bt CDM，the performance specification is rewritten in 

a few par継� nete路� (S1ぬi1ity民� dexY i 級� dequiva1ent 

timeむ� onstantτト百� 1esep細� metersspeci今� the 

c1osed-loop transfer余mction. A1so these paramete路
復� erela1ed to the controller par創� neters a1gebraically in 
expJicit fonn.百� 1esefeatures m誌記� 1hisapproach 

possible in CDM. 

説儲 �  useof this simultaneous design隅ぬ� re，the 

desi伊� eris abJe to keep good balance between the 

rigor of the requirements and the complexity of the 

contro]]er. Thus the simple詰� tcontro]]er 10 sa1isfy 1he 

specifica1ion is 1四� liz誠� wi1hou1much difficul1y. 

泊� 1estrength of CDM 1ies in 1hat，for加� ypJant， 
minimum ph謀総� ornoル� minimumphase，1he simplest 
翻� drobus1 controJ]er under practica1 Jimitation can be 

found. Such controJ]er cJosely agrees with the 

contro]]ers which ar容お�  ceptedas good contro]]ers in 

practical appJication. It is worthy to notice that there 

alw畠� ysexists畠� LQIミ� con1ro]]erwith proper weights 

却� dstate augment畠� tion，which is exactly the same as 
the CDMωntro]]er (Manabe，1998b). 

SimpJy stated，CDM is締� algebraicapproach over 

poJynomial ring in the par織� neterspace，where a 

specia1 diagram儲� lled"Coefficient diagram" is used as 

the vehicJe to位� rrythe necessary infonnation，and as 
theαite出� ofgood design. An improved version of 

Kessler's録制 �  d忽rl fonn組� dthe stabi1ity condition of 

Lipatov constitute the theoretica1 basis. 

3. BASICS OF CDM 

3. 1 Mathe協議� ticalRelations 

Some mathem語� ticalrelations extellsively used in 

CDM will be introduced heri fter.百� 1echaracteristic 儲� 

polynomial is given in the following form. 

円s)::::a，rf川十�  als十日生a is' (14) 

ち� 1estabi1ity index Y i ' the equivalent time constant 

τ，and stぬi1itylimit Y i' are deぬ� 1edas follows. 

(15a)n1-==i，J)ぃ==a~l(ai+la，y

τ� ==al1a() 	 (15b) 

(15c)y" Yo:::: ∞Y; 11 Yi + 1令� 11Yぃご� J' == 

針。� mthese equations the fol1owing relatiol1s are 

derived. 

a í • J 1α i:::: (α; Ia}1)/(YiYぃ� t…� Y;+.Y) 注 j (16a)明� 

a; aoτS/(Yami Y12u yiJ ysl i}(16b )  

τben characteristic poJYl1omial w iJJ be expressed by 

lIU' 
1:，制 dYias fo]]ows. 

制� =ao[舎;司叫)州}刊� S十� 1] (17) 

百� 1eequiva1ent time constant of the ト� thぽ� derτi制� d 

the stabi1ity滋� dexof the j叶� 1000釘� yijarede白� 1柑� as 

fol1ows. 

YI)I(Y; …y2τコロa;I1ぃa"t;::: (18) 

Y;}口� a;/(a;+;a;_)は� iE(YHJ41JJ1yf(19}

百lOSτ 叫� nbe cOl1sidered the eq縫� iva1enttime constant 

of the 0ぺhord信組�  dY iis considered轟sthe stabiJity 

index of the 1st order. The stability index of theゐ� ld 

order is a good measure of stabiJity拙� dis shown 

below. 

Yi 2::::ぐ1(aぃ� 2 a 2)ニ� Yi+'Y; Y; • (20)
ト� 

3.2 Coefficient Dialll畠� m 

When a characteristic poJynomiaJ is exprl郎総�  dぉ� 

P(5) =0.2555
十� 54φ253ゃ� 252

十� 5+ 0.2 (21) 

then 

aj
::: [0.25 1 2 2 1 0.2] (22a) 

Yi::: [2 2 2 2.5] 	 (22b) 

τ立� 5	 (22c) 

二y:[0.5 1 0.9 0判	 (22d)

官� lecoefficient di唱� ramis shown as in Fig. 4，where 

∞� efficient ~ is臨� dby the Jeft side scaJe，and stabiJity 
index Yi'叫 uiva1enttime constant 't ，and stability 

Jimit Yi'椛� E蹴� 1by the right side sc枇� .ηleτis 

expr凶器� edby a Jineむonnecting1 to 't. 
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The stability index Y i儲� 11be graphicaIly obtained 

(Fig. 5a). If the curvature of the内� becomeslarger 

(Fig. 5b)，the system becomes more stable， 
corresponding to larger stability index Y i" If the a[ 

α� lfVe is Jeft-end down (Fig. 5c)，t11e叫� uivalenttime 

constant "t is small <時 ldresponse is fast.官 le 

equivaJent time ∞� nstant 1: specifies t11e respo羽� se 

speed. 

3.3 Stabi1itv COlldition 

From the Routh-Hurwitz stability criterion，the 
stability condition for the 3rd order is given 総� 

a2al>a3aO (23a) 

If it is expressed by stability illdex， 

'Y2 YI > 1 . (23b) 

The stability conditiol1 for the fourtlJ order is givcll as 

a2> (a 1Iα3)a4 +(a3Ial)aO (24a) 

Yz> Y; . (24b) 

Fig. 7a. 6th order b. 5th order 

11lU s Ihc sufficicllt condition for stability is givcn as 
a. a

+2•a i1ω121-~':-~>，a 21 aユニ~
， 

Gυ -i 12 αト ~I (25a) 

YI> 1.12y~， fOl'alli口� 2-n -2 (25b) 

ηle sufficient cOlldition for instability is givcn as 

G i・Ia，s a，・2a，_1 (26拍)� 

Yi ，1Yi S 1， for some i=ト  n-2 (26b) 

官協 �  e conditions 田11 以~ graphicaJly exprむ� ssedin the 

coefficient diagram. Fig. 6a is a 3rd-order example. 

dpoint B is (a ~yJ.5. Thus if秘5)O・2a¥(議 tA is捻Poi 
3 

A is above B，the syst記� mis stぬ� le PointC is (y 2‘� 

Y 1)0.5. If it is above 1，the system is stable. 

Fig. 6b is a 4tJト orderex詰� mple.Point A is obtaincd 

by drawing a line frωn ain parallel with line ~ al.4 

Similarly point s is obtai.ned by drawillg a line from 

~l ill paralJel with line a
3 
a)・Thestabi1ity conditioll 

is a2 > (A + 8)・百� leotherむ� onditionis Y2 > Y 2" 

Fig. 7a Is a 6th order example (Franklin， 1994，p. 
217)，where 

Forthe話� ystel滋� higl1erthan or including 5th degrcc， 
Lipatov (1978) gave the sufficicnt condition for 
stability鵠� dinstability in several difiiεrent forms.τbe 

conditions most suitable to CDM can be statcd as 

follows; 

吋� besystem is stabJe，if all the partial 4th order 
poJynomiaJs are stable with the margin of 1. 12，百� IC 

system is unstable if some 3rd order polynomial is 

unstable剥"� 

い2.3S4+ 5φふ.¥，+s" 

By the first glance，the worst points are fo凶� ldto be 

[a4 a3 註� 2al]，A < s，加� dthe system is unstable. 

Fig.7b is for another 5th order exampJe (Franklin， 

1994，p. 219)，where 

P(s) = "，' + 5 S4 + 11 s月十�  23s2+28s+12 (27b) 

1. = 1the worst point is a，By the first glanω
3 

以� :causeA口� 23β=4.6，8 = (5/23) 2お=� 6.087，and A 

+8 10.687，the sufficieut cOlldition for告� tabilityis出� 

P(s) = (27a)+ s~~ 4 s +斗圃� 
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Fig. 8. Canonical open-Ioop trallsfer function 

Fig. 8 shows凶� exampleof臨:XIe� di品gramfor the 

system type 1 and 2.τhe straight Ii郎議 pproximation 

(asymptotic representation) of訟対� ediagram凶� edhere 

is somewhat differellt from the ordinary way，where 
the brea主� poilltsare chosen from the poles and zeri倒

。fthe trallsfer functiol1， and not the r揖� tioof the 

co詰fficients.However this way is more詣∞� urate制� d 

the re]ation with the coefficient diagr詣� mis closer. 

Thus it becomes cJear that the coefficient diag路� mhas 
a one-to-one ωrrespondence with the straight line 

approximation of政対� ediagram of its callonical opeル� 

loop transfer釦� nction. 

3.5 S，talldard Form 

From number of reaSOllS to be explain吋� later，the 
recommended鋪部品� rdfonn for CDM is 

Y，， -I~Y2=2. YI 2.5 (34)需� 

When 80 0.4締� dτ=2.5 ar記� chosen，the器� 

characteristic polynomial P(s) is obtain吋� by Eq. (17) 
in the fo]]owing simple fonn. 

PO)=2-t今世� isn十 ・ �  (35) 

+ 2-IOS6 +2-6.¥'5 + 2-3.¥'4 + 0.5 S3φS2十� s+0.4 

百� lestep response of the canonical c1osed-loop transfer 

function for the system 1yp悲� 1綿� d2 for various ordeぉ� 

紛is virtuallyare given in Fig. 9 and 10.τhere 

1. vershootfor the system type 。� 
1，5 

み掃� 

0，5 3誠


一-"，� liIb 


ao 6 B 
t sec 

Fig. 9. Systel廷� type1 
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Fig. 1O. Sy琵temtype 2 
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not satisfied. Also by looking at the figure，it is c1ear 

that the sufficiellt conditioll for Illstability is not 

satisfied either. In fact，this system is on the 
j2.ごと� ary roots al l1boundary of slabilily alld has imagi 

It is very interesting 10 Ilote thal (:ち/ a4)0.5口� 2.145 

is approxim畠� telyequaJ 10 these imaginary roots. 

It is cJear from Eqs. (15c) (詩的 lhat，if all Y i S 総� 

larger lhan 1.5，the system i喜� sl畠� bJe. Lipalov (1978) 

proved，in the process of proving his main theorem， 
th畠� 1al1 roots are ぉaJ� negative，if all Y i S are Jarger 

than 4. From these observation it is safe to say that 

Y i should be chosen in a region of 1.5 -4. 

3.4 Canonical Onen-LooD Transfer Funclion 

For a given characleristic polynomial，the cJosed-loop 

同� nsferお� nctiol1買 s)is givell語sfo]Jows. 
Q(s) _ bn，s尉+…十�  bjs+ bo 

(判aoφa)s…十，s"+;::瓦'þ(~);:: T(s) 

明� 1号儲制�  niωJopen-Joop加� nsfl巴r釦� nClioぉ� forT(s) is 

de白紙� Ias lhe opell-100p transfer functぬ� nG(s)，whose 
unily fi倒� 1尚北�  structureproduces T(s).百� len 

Q(s)]-[P(s)IQ(s) ;:: G(s) 

=合 jS川� ;ψ本 仲 か ']仰)�  

wkabi=al for itO 叫に� lhesyslem type Is said 10 

be (k + 1) (Frank1in，1994，p. 200). Furthermore，if 
問=0 for j詩作+� 1) -m，G(s) j韮� calledthe canonical 

open-l∞� p総� nsferfunction of sy器temtype (k φ1) for 

characterislic polynomial P(ヰThusthe臼� noni位� i 

open-Joop住� ansferfunction of system type 1，G1(s)， 

for P(s) alld its corresponding cJosed-Joop紋� ansfer

会J11ctionT 1(s) are given as 

Gj(S)ロ� aoI(a，，s"十一令ajs) (30a) 

T1(s) aoI (a，，s"+…+als + uo) • (30b)出� 

For system type 2， 

Gz(s) = (aIS + ao)I(a"s" + … +a~ち (31a) 

T1(s)コ� {αIS+ ao) I(u"s" +…+als + ao) • (31b) 

In this way，thc canonical open/c1osed-loop transたま� 

fUllCtiOIl of畠� givensystem・� typefor a characteristic 

polynomial P(s) is de伽ば百�  lesecanonical総� nsfer 

fu汲� ctionsare helpお� I10 cJarify the characteristics of 
P(s). 

Also breは抑制�  ωiis definぽ� las 

toj=ajlui+ 1 (32) 

針。� m Eq. (18)，ω[ is found to恥� thereciprocaJ of the 

equivaJent time cOl1stant of high order τ 官� 1む� ratioof 

adja田� ntbr儲匙� pointsis equal to the stability index Y r 

Yi = ぃ{!}j Iω (33) 



百� ler怠� isan overshoot of about 40% for system Iype 

z四� isovershoot is nec郎総η"� be白鴎�  ethe integral 

。fthe error for the step response must become zero in 
system ty戸� 2. It is a]so noticed that the responses 

are about the s議官� leirrespective of the 州� erof thc 

system.昆� causeof this nature，the design紅白浪�  start 

from藷� simplecontrolJer観� dmove to more 

∞� mpJicated one in addition to the previous design. 

The sett1ing time is about 2.5 -31:. Many 

simulation runs show tha. the standard form has the 

shortest settJing time for t加問�  mev語� ]ueof 1:. 

The pole location is given in Fig. 11. They are listed 

as fo]]ows. 

2nd order -0.50000士j 0.38730 

3rd 0対� er ・0.62273土j 0.82004， -0.75454 
4th 0刈� er -1.0000土j 1.3764，・1.0∞0土j 0.32492 

5th 0樹� -1.20R4士j 0.70569， -1.1377 
・さ� .222お一 j 2.5593 

6th 0誠意:r� -1.28が?士j 0.74408，・� 1.1827
 
-4.4569ごり� 5.2163， 3.3301
輸� 

7th order ・1.2843ニtj 0.73912， -1.1805 

・8.9003土j 10.427，・� 5.8539，� -4.5963 

8th 0誠意ま ・1.2843二tj 0.73925， -1.1806 

-17.802ニtj 20.853，帽� 12.009，欄� 8.3419

柵� 4.2969 (36) 

It is found th畠� tthe three lowest order poles are a1igned 

in a vertical line鵠� dthe two highest order poles are議� 1 

the point about 49.5 deg from the negative real axis. 

羽 目 �  estof the po]es are 011 or c10se to the蹴� gative 

rea1儲 is.For 4th order，all poles are ex似� Iy011 the 

verticalli鈴記.� 

It is interesting to note that a 3rd order system with 

three po)es on a vertical line shows a non・d記� creasing 

f意� aturefor 級車� stepresponse or no overshoot. For 

example，the加問�  fer伽� ction G(s) is given as 

(37a) )]， 2 + s21)+l){(s+1)I [(s 今2は(手G(s) 

The first order derivative of its unit step r郎� ponseis 

the inverse Lap)ace transfonn g(t) of G(s)，given轟� S 

g(t) = (1 + 11 sl) e-'(l -cos st). (37b) 

島問�  illseg(t) is a1ways positive al1d the unit response 

is non-decr路� sing. 

A為� dorder system with炉結1.5gives aむ� :haracteristic 

polynomial P(s) such as 

P(s) =S3 + 3 S2 + 4.5 s + 2.5 (3&) 

Yi = [2 2.7] (38b) 

For this case，the overshoot is zero. If y 1需� 2.5a'i in 

the銚翻伽� rdform，白� r悦� polesare not exactly on the 

verti凶]� li盗容，組� dth悲� complex予� o)esar意� alittle bit 

c10ser to the imaginary axis with the result of a sm語]]� 

-2j 

O 
1-3j 

Fig. 11. Pole )ocatioll 

ovcrshoot. The choice of y 1 =2.5 instead ofユ7is 

made for the reac;on of simplicity. 

In summary，the鋪� andardform has the favorable 

characteristics as listed below. 

(1) For syst悲� mtype 1，overshoot is almost zero. For 

system typ悲� 2，neces路� ryovershoot of about 40 

% is rea1ized. 

(2) Among the system with the same equiva1ent time 

constant丸山�  es除� ndardform has the shortest 

settling time. The settling time is about 2.5-3τ. 

(3)官� lestep response詫� show a1most equ詰1wave fonns 

irrespective 10 the order of the ch器� racteristic 

polynomials. 

(4) The lower order poles are a1igned 011 a vertical 

line.百� lehigher ord佼� polesar宅� )0四� ledwithin謹� 

sector 49.5 degre指針� omthe negative rea1 a玄� is，
州is larger th1;，dtheir damping coefficient 削

0.65. 

(5)百� teCDM訴級品�  rdform is very easy 10 remember. 

In other words，the standard form seems to posses all 
the characteristics of "g∞� d designs" found from 

，hortsettJing time，郡t∞oversh紛suchas民experien

翻� dpo]e alignment on a vertical 1ine. 

Tab)e 2むQillJ)arisonof stl1bility index 

鋭� a滋註叫
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For comParisoIl，stability iEldices Y Ffor v畠� rious

鋼部品�  rdforms us叫� inthe control theory are given in 

Tdble 2. It is found that CD説� standardis similar to 

Bessel at the low order，and beωme similar to 
binomial at the high order. 

3.6 Robustness Consideration 

Robustness and stability ar嘗� completelydifferent 

cOllcepts. Simply stated，stability concems where the 
poles are locatcd，制� drobustness concems how fast 

the poles move 10 imaginary axis for the variation of 

parameters. 

治� abilityis specified by t恥� stabilityindex y iof the 

char富む� teristicpolynomial，but robuslness is only 

S肝� cifiedafter the open loop structure is specified. 

As an example，a 3rd ordぽ� polynomialis given as 

P(S) = 0.5s3十日+S +0.4 (39a) 

Ifthe canonical op撚叩�  looptransferお� nctionof system 

type 1，G1(s)，is assumed，it becomes 

G1(S)コ� 0.4I ( 0.5 S3 + S2十� S). (39b) 

For this偽� sephase margin PM詔� 66.6deg. For 

system type 2，G 
2
(s) becomes 

G2(S) = (s+ 0め� I( 0.5 S3 + S2). (39c) 

For this伺� se，PM需� 41.7deg and robuslness is 

dα濡� as奴1.Ifa non-minimum controller is used，the 
opelト� looptransfer function Ga(s) may becomes as 

G，.(s)= (-9 S + 0.4) I(0.5s3 + S2 +lOs). (39d) 

For this儲� se，gain margin G説=1.087加� d 

robustness is獄� tremelypoor. 

In other words，for the same characteristic polynomial 

and thus for the same stabi1ity，the system儲� ntake 

different robustness. It儲 nbecome extrem容� ly 

unrobむ� stin some cases. 

Conver鵠� Iy轟nysystem，which is extremely robust， 

儲� nbe poor in stability. One 協議�  mpleis theωse， 
where the open-l∞p例制�  ferfunction Gb(s) is given 

誌$� 

Gt(s)口 k (S2 + O.労)I(S3十� s). (40a) 

Its char制記�  risticpolynomi必九� (s)is given as 

九� (s) = S3 + kS2今� Sφ0.99 k (4Ob) 

This system is stable for any positive value of主将� M 

z ∞)，加� d a1so PM =90 deg. However the stability 

is very poor as is c1ear合� om Eq. (40b). 

τbus in designing the ch轟racteristicpolynomial，more 

consideration is required beyond the choice of y i• 

τbe traditional design principle of stic訟ing10 the 

miぉi絞殺�  m-phasecontro]]er，wherever possible，with 
thむ� loweslpossible order ~語 ld with th巴� narrowest 

possible bandwidth is actually found 10 be a strong 

guarantee of robu話tness. 

In the actual design，the choice of y I =2.5，Y2 =Y 3 ::; 

2 is strongly recommend剖� due10 stabilily 掛� d 

response requirelllent，but it is not necessary to lllake 

Y4 -Yn・� 1equal to 2.官� leconditionωn be relaxed as 

Yi> 1.5 Y; (44) 

With such 危eedom，desi伊� erhave the金-eedolllof 

d部� igningthe controll窓rtogether with Ihe 

ch鉱昌� cteristicpolynomi討 委 創 �  ldhe伺� nintegrate 

robuslness in the the characteristic polynomial wilh a 

sma]]意義� crificeof stability鉛� dresponse.齢 臨 む�  sethe 

essence of the CDM lies in the proper selection of 

stability indices y/s，some experien岱� sare r四時時� in 

actual design，as is敏� Jein any design effort. 

生� CDMDESIGN 

4.1 Mathematical M似� Jel

官� le刷� nda訳� 1bloc主� diagrdmof Ihe CDM d凶� ignfor a 

single-input single-output system is shown in Fig. 

12. A silllilar block diagram for multi-input multi輔� 

ouやむ� tsystemωn be obtained，but for reasons of 

simplicity，it w i1l not be tr協組�  Ihere. 

百� leplant eq紛� tionis given総� 

Ap(s)x= u +d (45a) 

yコBis)x，� (45b) 

where u，y，and dぽ� einput，output，and disturbance. 

百� lesymbol x is c謹混同� thebasic state variable. Ap(s) 

andまい)� are the denominator組� dnumerator 

polynomi畠� 1of the plant稔� anst1悲 rhactionGP(s). 

It will be儲� si1yse側� thatthis expression has a働側�  

corresponder間� withthe control筒紛が開]�  form of the 

state欄� spaceexpression， 組 �  dx ∞rrespondsto the state 

variable of the lowest ordet AlI the other states are 

expressedぉ� thederivatives of x of high order. This 

co国時�  llcr Pla蹴� 

Fig.12. CDM統制� ldanlbloc孟� diagram 



fonn will be caUed the right polynomial form 

her儲� fter，be回� use it corresponds to the right co-prime 

factorization of the pl詣� nttransfer function. 

Controller equation is givcn as 

">' +Bc(s) (Yr.Y(s)，，� u = BAc(s) (46) 

where yr加� dn are refとrenceinput and noisc on the 

Ac(s) is the denominator of the controllcrt.tpu。芯
回� nsfer釦� nction.Bt)ωld真。)� arC caUed the 

referen偲� numerator加� dt泌� feedbacknumer品� torof the 

controIIer transferお� nction. Beωu関� thecontroller 

総� nsferfunction ha草加�  onumerators，it is caJJed twか� 

degr開働� of-fr田� domsystem. 

官� lisexpression corresponds to the observer canonical 

forrn of the statc→pace expression.百� lisform will be 

called the left polynomial forrn of the controller 

transfer function. 

日出�  inationof y加� du念。� m Eq (46) by Eqs. (45a，b) 
glVes 

J1l肘1I m】di泊iβlむ吋dttο、山hcdじ� 海� 叩河中pむ凶:沈川汀licaω州ti怜011mlし.m究� i 4 呉際部� n1[弘 s計お淑Ecil光i gnsいo沼以枕st践� 

CIη〉対，� thな� dcsignspecitications arc as follows. 

(1)ηle equivalent time con日tantτ 

(2) 111e stability indices Y i for lhe higher order terms. 

111C stability indiccs for thc Jowcr order terms are 

already specified. 

(3)甘� lehigh frequency attenuation characteristics. 

許)� 111e low会芭� quencydisturballce rejection 

characteristics. 

τlle iIむIl1S (I) alld (2)ザ� ccifiesthe characteristk 

polynomial. 111e conlroller is S3id to he the order 

m/n，if the order of fe吋� backnumerator is m叩� dthe 

order ()f dCllominator is ll.羽� leItem (3) (4) specifies 

thc contro]]er structure，that is，the order m/n a対� 

some paramcter vaJues. 

Usually the rise time，the settling time，the 
overshoot，and the peak time are used for the time 

response specification. Howev記� rfrolll the CDM 

design point of vieV¥ん onJythe settling time tis 
(47a) 8Ac(s) dφYr(s) ，，� x =BP(s) -Bc{s) n， 

where P(s) is the characteristic polynomial and given 

as 
P(s) = Ac(s) Ap(s) +Bt) βp{s). (47b) 

bl 8 similar manner，equ語� tionfor y制� dむ� areobtained. 

P(s) Y = Bt) [Bt) Yrや� At)d -Bt) n] (47c) 

Bc(s} Bp{s) d-r -.Y(s) ，，� =P(s) u At) [B Bt) n] 

(47d) 

Boo量 :usethis system h誌� s3 inputs and 3 outputs，there 
復� e9 transfer釦� nctions.But these are reJated each 

other. Four basic relatioJls are総� lected，namely 

P(s) x P(O) Yr (48a) 

P(s) Y = (48b)(s) Y.. ，，� Bp(s) B 

P(s) Y =Bt) At) d (48c) 

P(s) (-u) = Bc{s) Bt) d. (48d) 

Eq. (48a) is the response of x to Yr when Ba(s)詔� P(O)，

欄� ditωnesponds to the canonical cJosed-loop transfer 

fu挺� tio滋� ofsystem tyμ1 for P(s).百� 1is equatioll 

specifies the characteristic polYllomial，翻�  dit is a very 

good me制� reof stability. Eq. (.認めおめ rthe 

ωmm81ld fol1owing characteristics. Eq. (48c) is for 
the 偽ぬ�  rb組� cerejection characteristics. Eq. (絡の 
corre勾� ondsto the complemelltary諮 問 �  sitivity負mctiol1 

T(s)，and it is useful for checking the robustness. bl 

the CDM design，these four basic relations are used 

.. nancespecification慌for perf

4.2 Analvsis of the soeeification 

When the performance specific畠� tionsare givcl1， they 

me制� ingful，because it gives upper bOUlld ofτ，where 

t = 2.5 -3τ. The伽� :quency詑� sponsespecificatiolls
s 

are used for the items (3)器nd(4). 

4.3 Desigll ExamoJe 

Plant parameters are give as 

A /s) = 0，25 S3 φ� 1.25 S2 + s (49a) 

(49b)ト-1S0.1 ニエBp(s) 

A 212-order contro]]cr is to be dむsigned，whose steady 

state gain is to be 20 due to the disturbanc巴� rejection 

char詰� cleristicsspecificatio札百�  1CcOl1troller shouJd 

have reasol1abJy narrow bandwidth.τbe command 

following charactcristics of system type 1 is requircd. 

Then the structure of the conlrolIer bccomes as 
follows. 

Ac(s)=12S1+1，S+ 1 (50a) 

Bc{s)ヱk2 S2 + k，s + 20 σOb) 

B(β) 20 (50c) 

III order 10 makc the bandwidth narrow，the hig対話� 1 

denomIl1ator bre誌� pointof the cOlltro]]er is limited to 

Iwice of Ihat of the plant. 

11/12=2x]，25/0，25=1O (5Od) 

Eqs (50a， b， c， d) have onJy three degre問。�  f恥� edom. 

'DIUS nllly y 1 =2.5，Y2 =Y3君� 2cal1 be s戸� !cified.Y4 

andτarc dctcrmined詰sthc r巴� sultof design. 



Now the Diophantinc equation is derivαJ as fol1ows. 

Ac似� p仲� Bc(s)Bp件� P(s)でかi s' (5同� 

ai=aO 
τE/〈Yz-l Y7-z … y~-2 Yγ1) (51h) 

When EqS. (49a，b) (50a，b，c，の� areused in EqS. 

(51a，b)，the foI1owing matrix 陀� 1議� tionis obtained. 

4.4 Summarv of Dcsi創� 1proccss 

From the desi叙� 1example，thc formal statement of the 
CDM design problem w il1 be summarized as follows; 

"Given the pl誕祭� tpolynomials，the Iimitation on the 
equivalent time coぉ� st語以� τ，stability index Yi'

and 

the controller paramet記� rs，find the equivalent time 

I a~ 	 constant 't， the stability index Yi' 
the characteristics 

0.25 
0.375 0 0 

0 
Ir1.1

~l11 1.35 0.1 1u31 polynomial P(s)，alld the co除� trollerpolynomials，
0.1 11:

21-1町一� lお1 
0() in Eqs.1 JllI.IJ Iα，-1-2 へい)，異例

(52) 
andBa(s)，such that the respons郎� 

(48b) (48c)(48d) are satisfactory." 
u4 = aoτ41125，“� 322Uot3/12.5， 
al 二� aoτ2/2.5，� UO二二� 20 

百� lesolutiOJl proce総� willbe as foHows; 
1ω0.1 0.01]By multiplying a row veclor (-1013 (1) Define thc plant in the right polYl1omial form. 

from the left to the Eq. (52)，its left hand side 
vanishes，組�  dan aJgebraic equati側� in 1: is derived. 

By solving the eqロation，τ詰� 2.4248is obtained. 

τ1Ien all the other p鍛� meteぉ� aredet知 総 �  edby Eq. 
(52).官� leresult is as follows合

主� i= [26.488 45.496 20]σ3a)  

li =	l1.4750 14.750 1] (53b) 

[0.36876 5.5313 22.811 47.037ai= 
48.496 2叫� (53c) 

Yi=[3.6371 2 2 2.5] (53d) 

τ回� 2.4248σ3e)  

Yi・= [0.5 0.77494 0.9 0.5] (53丹

，36541.j全3679-1.，9.9385==・ Si 
・1.1628土� j0.33004 (53g) 

P説=45.764 deg (at 1.7714 rad/sec) 

The vector values such as主，li，…，議� reshown ini
をdescending order. sisare the closed‘� loop poles. 

1n this design，y4 = 3.6371 is different from the 

standard form，but the controller becomes simpler. 
百� leperfonnance characteristics are shown in Fig. 13. 

M崎骨白(叫� w--T('・)，w: $(・)) $1岬酔W(.)，.ト Y何.J)� 
1，5 

20 

-20 

P抽掛�  (G('lI C蜘世IoOp田陣。� 

定

〉者

-~ 

G(s) = Bc(吟� Bp(S)lAC(S>̂p(S)' 11仲� Bc(s)Bp(i併� (s)

制=Ac(s>̂P(s)IP(s). W(め畠� Bp(s)Bis)/P(s) 

Fig. 13. Performance characteristics 

(2) Analyze the performance specifi伺� tionsand derive 

design specificatiol1s for CDM. 

。)Assume the controller in the simplest possibl悲� 

form E某� pressit in the left polynomial form.倫� 

伶 説�  rivethe Dioph畠泌総時総�  ion組� dsolveお

話� n主� nownvariables. 

(5)主!lakesome adjustm註� ntto satisfy the perfo服部�  ce 

specific以� ionif necessary. 

百� lenature of the problem is to solve the Diophantine 

and Yiare given 1:，lIU'Ifb).，equation (51a

beforehand，the problem is exact1y the same as the 

pole allocation design problem.τ 'he solution is 

straight fo抑制，� but there is no guarantee of 

robustness. 1n the CDM，some of也記� sevalues are to 

be detennined in the ∞� urse of solution.百� lekno糊� 1S 

and凋� kl10wns説� remixed in both sid出� ofthe equation. 

主'henumber of ullknowns are Jlot necessari1y叫蹴 �  1to 

thc側協�  erof equ泌総� lS. Eqs. (51a，b) are nonli都議E 

Because of these r悩� sons，the solution is not straight 

forwsrd
‘ 

τ11ere are three methods in the solution.百� lefirst 

method is graphical one. When the ∞� efficient 

diagram for Ap(s) is drawn，the general structure of the 
control1er and the possible range of the叫� uiva1叩 1 

time constantτωn be graphical1y obtained，after 
some experience. The second method is to use the 

speciaJ d側� gnfonn. By fi1ling this form 

systematica]]y，the solution儲� nbe obtained by h紺� d 

C藷1culation. The third method is the computerization 

of the second method. Special MATLAB M-files 

have beeぉ� develo捌� forthis purpose. 

1n the previous example，graphical method was u総� d 

to evaluate approximate value ofτ. Actual design is 

done by the second method.τ 'he third method is 

much faster and extensively used in actual design剤

http:322Uot3/12.5，
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5. CONCLUSION 

加� thispaper，the CDM is introduced. 

(1)加� CDM，the characteristic polynomial aud the 
controJJer are designed simultaneously with thε 

help of the coefficient diagram剛� 

(2) The characteristic polynomial specifies stability 

加� drespo滋� se.τbestructure of contro11er guaraぉ� tees 

robustness. Thus a simplest controller. which 

き議� tis釘� esthe stability，response，alld robustn部� S 

Z叫山�  ements， 儲 �  nbe desi伊吋�  w it11鵠� se.

百� leCDM has a wide appJication besides designing詩� 

satisfactory controIler. When ∞� mbined wi治以�  J 

design，it gives the語� nalyticmethod of selecting 

weights (M鵠語枕，� 1998b). The adaptive control is 

加。偽� .erfieJd of app1ication. 

官� leCDM presented here is for SIS0.百� lemethod 

applies to SIMO or MISO，too.τbe extension to 
MIMO probJem is left for fuぬ� restudies. 
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