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Abstract 

A controller desi伊� method，called Coefficient Diagram 
Method (CDM)，is introduced. By tbis methOO the 
お� si伊� erωndesign tbe cbaracteristic polynomial of the 

closed loop system e笛� cienUytaking agood加� 1組 問 �  of 

solution，語� less.By CDM綿叙drob踊response.，stability
of tbe ACC bencbmark problem is given，and solutions 
giv叩� byvario踏ま略倒防�  h附� are ∞m狩� red.百� eo閣総�  i

総書，� lysisis m畠deto clari今� therobustness智富� de心，� ff“� 

1. Iotrod主主� ction

百� lepurpose of tbis伊� 'peris to sbow th記� effectivenes器� of 
a control design method槌� lled"C倒的�  ci穏� tDiag蹴� n 

Method (CDM)" by solving白書� bencbmarkproblem 

仰卯�  sedby Wie [1] in Ameri，蹴Control伽� fe糊民�  

(ACC). 

百� leCDM is fairly new and not well・known，but its 
b綴� icpbilosopby basbeen known in control ∞mmunity 

for鮒録�  than30 years [2] [3] [4]持]� [6] [7].宝be蜘� ah総

加� ensuccessfully悩吋� inm量ny恥� Idsof industry sucb as 

steel m iU control [4]，g鎚� turbinecontrol [7]，制 d 

space倒� ftattiωde control [8] [9]. 
百E患∞� e館� cientdi昭総�  isa semi-Iog dia.伊� m討� letetbe 

∞e節� cient畠� ofcbaracteristic polynomial are shown In 

logarithmic s凶器� inthe ordin語録部�  dthe numbers of po糊� r

∞問符>ondingto槌� d ∞� efficient僻� shownin the absci総曇，� 

as shown in Fig. 1.百 lede駅開� ofconvexity is a measure 

of stability.百四� gener盈i泌� clinationof錫lecurv芭� isa 
mei滋� ureofres卯� n切符総�  ed.主主� evariation of血� esbape of 

theα波� veis a measure of robusむless. Thus the three major 

2. Basic描� ofCDM 

F'eature器� ofCDM 
ηle 食事鈴鹿� sof CDM will be summarized as follows; 

(1) CDM is is a control system必� si，伊� metbOO，where 
縫le ∞E節� cientdi暗殺� mis磁吋� asa vehicle to偶 rrythe 

ne儲総ryinformation. 

。}百� leCDM is削減伊� b鈴� icdesi，伊� me鈴100over 

polynomial抱� Ig・
。}百� letheoretica1胸 ckgroundof CDM is th閣制餓�  cie以� 

∞ndition of stability by Upatov [1斗百�  letradition of 

Kess1er [4]録制出� rdform is詠lherit吋組tdimp問� ved. 

Summarv of the basic rel鋭械部edin CDM 

前� 1限品館総�  teお� ucpolynomial P(s) is given総
 

P(s)出� a"s"+…+als+ao= fiaisi 

たも� (1) 

百E悲� st語bi1ityind慌� Yi'役leequiva1ent time co潟� t締� t't，制 ld 

the stability 1imit Y/ ar'車窓� ive殺� as 

Yi =a;I(al+ 1 aト� 1).認  l-n-l，� (2) 

τぉ� a1la旬 。}�  

Y;口lIYi<l+lIyトい�  i=l-n-l. Y=Yo= ∞. (4) ，，� 

百総鉛藍館�  cient科� ofthe char富cteristicpolynomial ar器� 

related to Yiand 't as 

寺a;，llai=(ajlaj_I)/(Y;Yt_1…� YjIY}' 泳J，� (5) 

の(1y~-2y;-I).…Y;-l(Yt-Ill'tai=ao

百� 1鷹� stabi1ityconditionぬま拠調制�  ld4th桜台� ris制� v吋

食omRouth-Hurwitz stability condition. 
Yi>Y;' i=l-ト� 1. (7) 

For the sy羽� emhigher than or時Ja1to 5th c町der，the 

system is stable [11]，ぜ� 
削 叩y/> 1.l2y;. i=1 n l ゐ� r a11i. (8) 

And tl総事�  stemis unst晶ble，if 

cbaracteristics of ωntrol system，narnely stabiIity， 
制� po田� e，ωd締，� bustnessare sho明� 1gmphic轟Jlyin a single 

diagr車m，enabJing the締切�  ertomake a治 齢制�  

jud伊� le政� tiぉ偽� e∞服部�  of為isdesign. 

This興� perw il1first explain the b総� icsofCDM.ηlen 

ACCbenchmar主� problemis briefly泌総� 'odu回� d，制td議

船，� Iutionis伽� iv嘗dby CDM. After brief explanation of the 
theoreti碍� I制� alysis，this result is ∞m戸Z時折偽�  thebest 

郎靭�  so勧帥�  ieved[1句.� 

ゾY/，1 Y/ く� 1.詔  1-n -2 for some i. ちろ{I

百	 le録制由� rdv材関� ofYiis given as 

Y y，� (10)=2.5.=Y3=Y2=2.=…-1 ，，� 

郡百1噂� cboiceofY 3 =Y 2 2'Y 1 :::2.5 is 紺'0総省~ly 

m ∞mme混成� d.But for Yn _1時九，� the condition儲� nbe 

relax吋� as 
yj> 1.5y~. n- l~i~4. (11) 

百� leserelations will be fully utilized in the CDM， design. 
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4. Deslg蹟� byCDM 

E)reliminarv d関 脇 �  bvCDM 

The bl侃� kdi叩� amof the system is shown in 均� .4. 
First d総滋n，CD様相� 1，is m泌� eusi略� the制御dv山� efor 

0.， 

a yi's肌� dthe equiva1ent tlme ω附組ntτ=6，be明縦割巴� 

b c settling time，15 sec，is about 2.5τ. 
Fig. 2，Expl制緩ionofωefficient diagr冨m Yj = [2 2 2 2 2 2勾，� τ器� 6. (13) 

百� leres凶tIs shown in羽� ble 1. Some泊。rthandnotations 

g容U鈴 d量s，� 
3. Be股� chmarkProblem Y1= [y 6 … Y2 Y1)' 宍罵[畠� 7 …司書草]，� 

]2li)' ko 諒ki= ~ ~ k1 11 10]'[]3 

dasゐ白書is，KF写，figur総ヲntrolof the two- Also the∞[I)istheproble絞孟chmar世路加�  

Coeffici側� td詠鉱現m 

wh側 轟 �  characteristicpolynomial P(s) is gi判箆鑓

が(s)= 0.25 S5 +S4 +2 S3 +2 S2今� S+O久� (12) 

the ∞d涜clentdiψam 1s s勧明11n Fig. 1，where 
coefficient ~ミ， stabuity lnd慌� Yi'equiva1ent time cons組nt 

τ，ar必銅山� ilitylimit Yt僻� sho明� 1in one figure.百le 

stability lnお 克 服nbe graphi叫� Iy曲� ta泌吋邸� inFig. 2a. 
m駒the sy，ge倒孤限切curve be1¥ vaturof曹側責e璃精白�  

油 開nesmore stめ，1ecorr関� pond同� to 1arger Yi's as shown 

in Fig. 2b. When theαJIV宮内� is 1eft-end-down，治活� 
equiva1ent tlme c繍� st創� Itτissmall線対自� er憾� ponseis 
faster総� sho明� 1in Fig. 2c. 
I1 

YI'lY:/円三氏
21lz民� h 2l~~~: 

specifications sho明� 1in the original problem滋� vesome 

ambiguity，百10m伊� on[10)∞的泊edProblem 1樹� 2，制�  

madethe sp舵協調，tionmor軍� concrete. 
Thq班op儲剖戸協lem (problem1泌� 2)is as foJlo明;� 

(1) For a u汲� it加� pulsed鼠加rb間出儒償凶�  on加� dy1 cぽ
以刈� Y2，the controll吋� output ofthe nomina1system sha11 
not偲窃様�  0.1after 15 time units. 
(2) For伽 総 蹴 �  di誠治組側�  the野球∞ntrollevel of 

蜘� nomina1sy蜘� mshall not叙� α減1.。}τbe酔� i怒� mar創ns袖lIbe6 dBc町叙精細細dthe 
ph凶� :er往復'ginsha11be at 1儲� st30 deg. 
(4) The closed-I∞p system sha11be sl喜blefor 0.5話 k 

盟 1.=m22.0 andm~ 1

(5) Th邑 closed-loopsystem sha11悦� Sl畠blefor 

sim泌� taneouscbanges 1 -pm妥弘� m]，m2 ~ 1 +pm， 
pm =0.3. 

〈のTh師� sha11be r榔� onablehゅの叩encyse踏:ornoise 


rejection，pe泊涯磁捌凶�  robustness，緩泌� ωntroUer� 

mass-spring system sho削� 1in Fig. 3，which is轟� generic 
model of an嶋 田尚�  lndynami幡� systemwith a rigiふbody 

m吋� e凶� onevibr轟tionmode. ltis鶴間同組tfor the 
nomina1system m 1詰� m

2
= 1綴喜dk = 1 with appropriate 

units ar対� timeis in units of seconds. A conlrol force，u， 
轟ctson以均� 1，附� thep悦Ilionof body 2，x2，i露� 

m措� sured，resulting in anoncoUo回� t記dact磁� .tor I鰐� nsor 
control problem.万ledist鷲rb翻田�  forcお郎官�  w

1
andw

2
， 

百制限�  4problems in曲� ebenchmark problem，of 
which Problem 1 and 2催宰叙灘lSid政訴� herein務� derto

草加昨� the糊� .ture ofthe problem. B悩 鶴 �  the 

認E [ k3 1 ち ~J. (14) 

The firsl偲従Yof除� KFis畠� measureof the印 紙ro]e邸側

側議lese慨� dentryi轟� ame績 協 �  ofrobustn側.�  A1s0 in 

order 10糊� nmarizethe resu]ts，th惨� p泊� semargin PM，the 
gain margin GM，信lesettling time t..縫lemaxim誌mva1ue 

of伽釧trole釣，rtumu'the variation of弘主幽� Ikmu • 
叙誕� ithe simultaneous cltange Umit pm are sho明� 1in a n附� 

vector FM (Figure of merit) d噛緑樹�  

FM =[PM GM t. 総 拙 �  kmUlIkm削� 
pm]・� (15) 

百� ebold le悦� rsin FM indi図録偽atthe sp舵出関tionis not 
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satis祭器d. Also蕊翼lrefor FM，ゐ伽edby官lompso涜� [10]，� 

is sbow札百由化s単1is robust飢� ds鋭� sfy811 the 

specifi儲録。n磁� α司ptthe ∞ntrol effi鋪� u副ポ�  whichis f楠� )y

加郡古lis似鞍1shows U 楓� drob蹴� tn細胞�  ina悩か�  

off，刺繍�  basto be s縮錨似
mu

fortheぬ� .er. 

Fig.4.団関kdi熔祖mof controJ system 
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明E磁� α)M・2ゐs靭1is made for 

Y
j

[2 1.5 1.5 1.5 2 2.5]，� τ詰� 6. (16)郡� 

百leresuJt i直sho相� tin宝abJe1. This d隠硝1satisfies u副� S 

co泌総i佃，加tk醐 Ik.叫� is縦縞tis制.1盤側般�  to find 

偽e儲踊seforぬeinstability，the stabiJity in必XYi8Ildthe 
0stabiJity limit Y 1翻� α勝間対勧�  k軍anauon儲� se.By 

this閥均路，� itis!o凶d儲� .tthe incre蹴� ofy 5制� Y2 

improv鵠� rob凶� tness. 

bn1>rovem側� tof robustness 

Nowthe総靭1CDM-3 is I槌必倣�  

Y
i

[4 1.5 1.5 1.5 2.5 2]， 't需 6. (17)臨� 

The resぉltis shown in 1able 1.百� isdesi，伊� satisfies811 

偽.especifications with comfortable margin. 

盟組組甑� 
Although CDM-3 is a鎚� .tisf:卸torydesign，お抽峨

抑制姻ent欄� ben凶� eby incre総� ingτ，加碍湾総� the 

settling time bas some margi湿.� Thefi鵬� 1お草加1is made 

for 
躍 盟Y [4 1.5 1.5 1.5 2.5 2]，τ 6.4. (18)

i

The resuJt is sbo明� 1inτable 1. A]1 the specifi儲組側S錦

織偏重お器:dw繍1C仮� nfortablemargin 81泌� high鉱耳:>reof 8ふ4is 

叫� ieved. The金時湖町糊po闘� sof th怠� open-l∞p

復濁lsferfuncuo涜厳噂� shownin Fig. 5，8Ildthe time 

responses are shown i蕊� Fig.6. 

・� 10-' ...l

Fig‘5. Fr叫U翻� cyre叩onse

r。.. 
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事� 
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肺W哨障制揖加u 

Ih路樹i雌� 1銅a1vsis 

Thede凶ledth附 附ical鋪� alysis[日]reveals that，ifGM 

丞� 6 dBis to be maint揃叫総�  boundof ~ is 

app却� xim搭telygiv叩� asfol1ow事;� 

hみ・� 0.31010. (19) 
0.2 

.oA対・・ー� 

20 輔

From this，伽�  foUowi略 叩ndition臨� 1beゐrived. 
器Ys Y.= むさ~1.4909. (却) 

Also the conditi槻� umgZ五1gives 

。訪.5022.;:i日YS=Y.=Y3
創捕 劇崎� 

Fig. 6. Tl泊施蹴ponse 

h11>叩，vementof the co潟troJeffo尚� 

Inmd佼� tod出精鑓鴻mu'it is n郎総鈎ryto mak:e J2 Jarge 

副主3S蹴1).宿泊側� be附加edonly by reducing悦

総ability加必革� Yi'鋪peci必lyofthe lowω域紙 百leY2Of鵠i 

Y1他 山otbeゐα時総d，� be儲� use設lenthe time respo郎容�  

w iJ)be deteIおr秘d.羽田� YS' Y.，綴tdY3 are~凶 to 

1.5.百lelowest value側旗泌慨dis 1.5，be伺凶器出e 

su館儲nt組事ldition食波書tability，Eq.(8)，詠必W畠ys

鈎出fied，ifall Y I'S蹴Jargerth閣1.5.百円 晶�  isch欄良識S 

2，beca糊� it縦断曲ct~. 

日。磁忍qs.(却)滅。1)，it w il1be鴎� ly似� E融制�  that 

Y S' Y.，綴tdy3 mu量S鎗批� theval磁街。闘d 1.5 inω泳安� to

鰍� isfyGM凶� U蹴� ωndiuon.地� oit必ouldbe岡総

級以� the閲覧diti舗� YS Y• = Y3 = 1.5 satisfies the 掠� 

su節� ci側側nditionfor stabiIity Eq.(8).百le加� de-off 
ana1ysis加総don the above findings r抑制ls翁esolution 

ぬta泊ed句� α)M・4is a1most "onJy" solution for the 
胸部加酪泳� problem. 

com淵� is繍� with 1>ubli墨hedsolutions 

百leJoumal of G硲idance，Co紛� rol，組成 Dy踊miC8 

4拘� tember，刷伽伽r1鋭}戸開設鮒�  11鉛� lutioぉsto the 

problem.百総長rst6 soluti鴎IS U総� various伽 砂�  
tech震iques，細dthe following 5 so]utions use a variety of 
S帯chniqぉes加総do続日醐偽悲ory. 
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Thomp事on[10] made the取� c伯母� tionmore ∞� ncrete and 

m総� hisown総刷�  usingcl細� ica1/}も語 pproach，wh慨� 

we淑協お，� r}ち� so]uti倒慨。�  btainedfro奴伽�  cl細� ica1 
contro] theory Byso doing，お� s場� lpI。 α湘� reis more ，・� 

畠utomated，w当日� ethe rich明剤師� encesi設� c]a鰐� i伺� 1ωntrol 

g官� retalned.百Ie� result is shown inτ油� le 1. Itwill be 

cond沼化� dhis的� ignis very意imilarto CD泌� 4. 

τ8ble 1 τ1Ie CDM desi藍鑓�  

CDM・1続路軍� iardvalueお� shm 

Y1
詰� [2 2 2 2 2 2.5]， 官事�  6 

kj=[1.187 ・� 0.4738 0.6359 0.10印]� 

揖I! [0.003709 0.04945 0.3223 1] 

KF = [1.187 10.04945 ・� 0.4738]，糊're= -1.20 

FM [39.5 6.6 12.9 14.7 0.35/3.25 0.39]詰� 

CDM之Red組対∞蹴� 01 ef伽� tdes凶� 

Yi= [2 1.5 1.5 1.5 2 2.5]， τ=6 

h [0.5126 働仏� 3219 0.6992 0.1165]盟� 

1]0.75060.3055[0.05431= ]1 

KF = [0.51261 0.30さ5 ・0.3219]，制re= -0.65 

語FM [38.2 6.2 12.8 0.97 0.53 11.74 0.23) 

CDM-3 Robustness詑� αF慨吋必�  s加� 1 

Y1
冒� [4 1.5 1.5 1.5 2.5 2]， 1: = 6 

h [0.4040 0.3219 0.5594 0.093お}器� -

li盟伊� .02716 0.3055 0.8049 1] 

U 詔[似，04010.3055 0.3219]，翻f宮� =6.45鴫� 

FM岩手� 7.4 7.3 14.1 0.89 0.46/2.29 0.35] 

CDM-4 Final必� s加� 2 

1j需� [4 1.5 1.5 1.5 2.5 2]， 主詔�  6.4 

ki= [0.2039 0.3895 仏� 5033 0.07864]暢� 

I{詔伊� .03599 0.3795 0.9287 1] 

倫KF = [0.2039 10.3795 0.3895]， 叙主主f草稿�  8.54 

FM = [35.4 6.2 15.0 0.59 0.47 13.45 0.42] 

Tbom蹴倒f10l恥.� (1針。蹴�  ica11円� 
1j= [1.929 2.627 1.563 1.552 1.451 2.543 2.0却}� 

同僚� Ho・ocontroJ. 

b耐nongrequ-off叙de蜘le，銭aJysisca1銅(3) By theoreti 

ments is clar泊� ed. It 1s made clear that solut10n like 

CDM-4 or one by官� IOmp置� onis the only possible solutlon 

to satisfy the requirement. 

Although CDM is apowerful tool for ∞政�  .trolsy事tem 

desi郡� atthis stage，ぬ� rtherre総� archis 1獄泌� edto m畠ke it 
effi鋭:姐� veto Multi-Input-Multi・Outputsystem，総� dtoma孟e

脚� ofit for総靭�  of組� aptivecontroJ systems. 
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