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A SOLUTION OF T自EACC BENCHMARK PROBLEM蕗Y
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Abstr量ct.A control1er総� ignmetbod，called臼� efficient Diagram Metbod (CDM)， is in初出ced.
 
By tbis method the desig誌ercan de事igntbe cbaracteristic polynomi轟1of tbe closed loop system 


ionofthe 以sol，轟ByCDM総.and robustne，response，efficiently taking a good balance of stabHity
ACCbencbm晶rkproblem is given，and solutions given by various researcbers are compared. Theoretical 

轟nalysisis made to clarify tbe robustness trade-off. 
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係数図法によるACCベンチマーク問題の解析

内容梗橿 「係数鴎法J Iま鱗翻系の新しい設計法であって、これにより閉ループ系の特性多項式を、

安定性ー応答性・ロバスト性の協調をとりながら、容易に設計することができる。係数図法によって、� 

Ameri側 IControl Conferenceで提案されたA伐ベンチマーク問題の解を求め、この解と今まで多数の研究者

によって求められた解との比較と、ロバスト性についての理論的検討を行った。� 

1.INfRODUCI10N also unstableωntrollers when requir拡� Unstablecontrollers 
are shO'刺Ito be v匂� effectivein contro11ing.:臨むh閥� stable 

官lepurpose of this paper is to show the effectiveness of a plants as inverted pendulums with limited num加rof sensor富� 

control des取Imethod儲皇吋� "C田� ffici切� tDiagram Method (Manabe，1994皐).山Gsometimes fails to戸odu鴎� arobust 

(∞M)"by solving the benchr湖水� problemproposed by Wie contro)Jer for plant with f1exibility (poles at the vicinity of 
(19928) in American Control白� nferen出� (ACC). the imaginary磁� is)轟spo泊tedby vario邸側thors伊dmunds，� 

1983，剖dM iI1s，1992). CDM produ部� 8very悶� bu器1 
百leCDM is fairly .new悶� dnot well-known，but its basic controlJers in路むh儲� S胤百leexperien出品owthat only 

(Ch1953)館、
philosophy has been known in control community for more 

(Grah
鴨� ll-desi伊� edH∞∞ntroller姐� nbe叩� ivalentto CDM 
controlJers.than 30 ye臨� est腕� t，1959)慌時sler，� 

1960) (部tamori，1979) (m叩� abe，1991) (Thn紘ゐ 1992b).
百leidea has been successfu]Jy used in many fields of industry 
such as steel mlll control (.Kc郎sler，1960)，gas turbine control 
伸縮a，1992b)，加d明� cecraft attitude control (Manabe， 
1981，1994b). 

百le ∞efficientdiagram is a semi-log di~伊I恐怖ere the 

∞efficients of char盈cteristicpolynomial叡eshown in 
logarithmic器伺]ein the倣din轟teand the numbers of pO'Wer 

∞rresponding to硲� ch ∞e首icientare shown 泌� theabsciお轟，� as 
shown in Fig. 1.官ledegree ofconvexity is畠measureof 
stabi1ity.官legenera1inclina1ion of theα lIVe is a measure of 

response speed.官levariation of the shape of the curve is轟� 

measure of robustness. Thus the伽鵠�  majorcharacteristics 

of control system，namely stability，response，組drobus1ness 

are shown gr匂bicallyin a single diagram，enabling the 
desi伊� erto m紘e畠加融1田� djudgment in the ∞urse of his 
design. 

The power oftheωefficient dia伊� mmethod (1ωM) li鱈� in 

that It generates not only non-minimum phase control1ers but 

9

・ 

官邸�  paperw ilIfirstξxplain the basics of CDM.百le羽� ACC 

b開� chmar主problemis briefly introduced，踊da solution is 
derived by CDM.百� entheoretical analysis i8 m曇de，組d細� de-
off st臨む知r章。fvarious r司uirementsis clarified. By so doing， 
it is fo糊� dthat the CDM 80lution seems to be the only 

solution to the probl意m. Then more detai1of solutiol1 

method of CDM is expl畠ined.Fin轟JIyCDM solution .s 
側� nparedwith solutions by various re総� archers，組dit is 

fo凶� dto be equivaJent to or better than the best solutio刻

伽� ived80 far (Thompson，1995).主behistorical backgro閣� d 
ofむDMis refi鮒吋� toother 1iterature (Manabe，1994b). 

2. BASICS OF CDM 
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General descrivtIon of CDM 
百lesalie剣たa脳部 ofCDM will be smrunarized as fol1ows; 

(1)∞M is is畠controlsys閥 d倒伊 method，where tbe 
ωefficient di相官mis磁� ed轟sa vehicle to倒� rythenec榔的�  

information. InCDM，the char詣cteristicpolynomial組� dthe 



∞ntroller菰red健福� nedsimultaneously with due consideration 
to the perforrn細切�  specificatioぉ� andcons1raint imp偶� edto the 

contro]]er. By so doing，both the merit of open-loop 
synthetic approach in the classic81 control，where the practic81 
constraints on the contro1ler is 81ways retained，ar叫� themerit 

of the c1osed-]oop ana1ytic approach in modem ∞ntro]，where 
perforrn鶴間�  spec悶儲� tionis given a品� first，is retained.百1Is 

be∞mes possible，be掠� use.in CDM. design is滋� αiedout 

dir配� tlyto the ωefficients of the characterlstic polynomia]， 
which蹴� ex戸� essedin closed form of the ∞ntro1ler腿� dpl開� t

抑� rarneters. 

(2)主張� eCDM is踊� 81gebraicdesi伊� methodover 
po]ynomia] ring. Instead of tr翻� sferfunction，it器� denominator
加� d制限切揖�  torare separately慌� pr総統�  d轟spo]ynomia] of s. for 
the plant and the controller. By so doing，the ambiguity 
inherent to the住総lSfer負mctionIs avoided，釘� ldthe same rigor 

as in the state s静� cerepresent畠� tionis maintained. At the 

same time，the comp謹� ctn鵠� sof expression 総� inthe tr淑� 1sfer 

functio汲� expressionis retained. 

約四�  theoretica]background of CDM is the su館� cient 

condition of stabi1ity by Upatov (1978).官� letradition of 

k蹴� ]er(19ω)蹴� nd剥� forrnis inherlted雌� improved. 

Defmltlons組� dmathematic81 relations 
B鍋嶋�  po]ynomia]is u制� extensivelyin CDM，some 
shorthand expression of pol抑制泌�  isnec容器錨� ry. When 
ch轟racterlsticpo]ynomial P(s) is given as 

P(s)叩"+...+いが忠 a，sl
. (1) 

a 	∞ 鍋 �  cientrow vector in dωcend均� order，司.� is 00.命制� as 

al= [a" ... al ao] (2) 

τbepo加� omi器� 118偲� pressedin shorthand 寄託� pre傾倒�  as 
P(s) =[aJ Sl (3) 

百� leaddition of the two po]ynomi81s ∞rres抑� ndssimp]y to 

rl_1=yト� i …� Y2YI 	 (9b) 
rrト� i話� rl_1 … r2r12Yt ， iyiz … y~-2y仁

t 
(9c) 

In other word，the coefficient a
i	is given as 
-t)aj，午� ao可I1 (YIぺ Y;-2 … y~-l y1t {決 J) 

Also slめ� ilityindex of higherωder Is de勉� ledas 
1 j-I

淘� 

詰
.../ 

αlj
[市n(r.伝九1.aj+j tトE 量� 

川令�  

(lOa)ゾj <<"=-1 

記s舵ci凶必81]均ythe宰説tabi臼1i討tyi慌茸� ぱflhe 2J誕ω1奴也ri泌sv刊� er叩pe 泌nde:o 守yusefu] 

in ]ater development.. 
Ya2=di〈aH2aJzyhlY:Ytd{10め� 

From these equ轟� lions，a fと:wuseful re]邑.tionsamong the 

coefficients組� dthe parameters詣reobt轟� inedas follows; 
al+ I1al= 't 1fj 

=:τ 1(Yi …� Yl YI) (11語)� 
(a 1 ajφ� 1)/(a/aj)=Y，j

_ _IYト� 2 …Yj+2YJ+l 

(l1b) 

C関節�  cientdiaRIarIl 
When a characterlstic po]ynomia] P(s) is given as 

P(s) =: 0，25SS + S4 + 2 S3 + 2 Sl +S + 0.2 (12語)� 

or the. coefficient vector l¥of the characterlstic po]ynomial is 

expressed as 
a，= [0.25 1 2 2 1 0.2] (12b) 

the coe館� cientdiagr司� mis shown in Fig. 1，whereωefficient 
a ttime consta泌� τ，翻�  d
i• stability index Yl' equiv81

儒� 

器tabiJitylimit Yl'轟reshown in one figure.τbe st語bl1ity 

indexωn be graphica1ly obt畠� ined aS in Fig. 2a. When偽記� 

curvature of 円� curvebecomes ]arge，the system beωmemore 
stable ∞n明� pondingto 1arger Yi'S as shown in Fig. 2b. When 

the curve宅� islefl・enddown，the equiv81ent time constarllτis 網� 

sma]]滋Id� the respons皐� isfast畠sshown in Fig. 2c.i
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何in MATI.AB is extensively used.官� le釦� nction"convisone 0.2 

the addition of the two ∞efficient vectors. The 
mu]tiplication of two po]ynomi81s ∞rre叩� ondsto the 
convo]ution of two ∞efficient vectors.τbus if 

月� (s)=Pl(s} + P2(s}. P4(s} =Pl(s}P2(s) (4) 
then 

(5) ，)4/=conv(al"a2.αal1+a2ja3，認 

In the develo戸� nentof CDM，the mathematic81 notation蕊総� d 
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In CDM，stability ind儲� Yi• equiv81ent tlme constant 1:，組 d 
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f0l1ow8; 
y.=a:l(al+1aト� 1) i=1 -n -1 (6) 
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詰Y; l/Y'+1 + l/Y'_1・i=l-n-l. YII=YO= ∞� (8) 
By use of自槌� eparameter富，� the ∞efficient vector of the 
ch磁温� cteristicpo]ynomi81 is eX]J町 es鈴� das fo]]ows; 
aj =[(ao't" 1rr11_1) …� ao't ao] (9a) E 4 z I 0 

where 語 b C 

Fig. 2. Varlation of coe部� centdia伊� m 
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SI轟bilitvcondition酪� edin CDM 

鳴� lest皐bi1ityconditions are summarized as follows; 
By matbematical manlpulation of Routb-Hurwitzαiterion， 
tbe stabi1ity condition for tbe 3rd鶴� d4tb order system 
become事� 

YI>Y;' i=l-n 1 (13)吋� 

For th悲� systemhigher than ωincluding 5th d伊� e，the 
su館� cientcondition for stabi1ity翻� dinstabi1ity is obtain吋� by 

Lipatov (1978).官� lesuf自cientcondition for stability is tbat 
either of the foUowing two eq磁� tionshoJds for服� y i. 
y，> 1.12 Y;、� i=l-n-l Q拍)� 

(14b)n-2= 1i，471.>t.~，1y，+(y 山� 

官� lesufficient ∞ndltion for instabi1ity is that the fonowing 
equation holds for some i. 
(YI+ 1 y.)0.5 < 1 ，ロ l~n 叩 2 (15) 

，aka(Thn1988)君。� ure (Bo以inliter吋quot泌総切h吟(14Eq. 
1992b)，but Eq. (14a) h総録。�  tbe館� quotedin Jiterature to the 

ahthor'器� knowledge. In CDM，Eq. (14a) is used，悦伺蹴 d 

its simiJarity in form to t1te Routh羽� urwitzcriterionお� rthe 
3rd制 d4th order，and its cJoseness to服部�  ssary却� dsufficient 
∞ndi録。� a 

Sometimes it is more convenient to express the stabi1ity 

∞� ndition in tenns of the∞器質� icientsof char制� eristic 
polynomiaJ.百 leresults釘芭総�  follows; 

Stability ∞ndition for the 3rd 0川町� 

azal>a，a告� (16) 

Stability condition for the 4th order 
ai 1 (a4 ao)= Y:I. :1.詰 Y3Yhl > 4 [0.5 +0.25仰や� 11同� 

μ= (a31ai1 (向� 1ao)詑� Y3/YI (17) 

Sufficientωndition for stability for 5th ord信組�  dabove 
a; 1 (a'+2α1-2) YI2=YI.I Y;YI-1盟� 

> 5 [0.5 +0.25 (μ + 11 ，....)] ， any i = 2 ~n -2 (1町� 

μ=(a'+llaμl}2/(ah2/aト� 2) YI+1 IYいE忠� 

Sufficient condition for inst皐� bility 
a;+ 1 al< al+意向-1' some i認� 1~n-2 (19) 

Stabilitv condition bv LiDatov 
Lip.轟tov(1978) derived sufficient condition for 袋詰� bility制� d 

su盟� ci腿� tcondition for加� stめi1ity.説偲鵬�  these ∞nditions 

∞nstitute t恥� theor号ti開� 1basis for CDM，brief慌� planati綴� lof 

the設leoremsw i11 be made，where notations are modified to 
加� rmonizewith the expressions of CDM. 

官� lesu鮪� cient ∞nditionfor stability is d儒智� edas follows; 
(1) First it Is proved that the characteristic .polynomial of n-

th鐙� deris stabJe，u all the持� rtial5th償� derpolynomials鑓芭� 

st轟� ble. If∞efficient vectc絞� expressionis used，this回� nbe 
stated as fo])ows; 

Consider aル� thorder characteristic polynomial，守� vh慌悲

即� efficientis売� 

a; = [a" ... al aol (20) 

IfalI (n・的� 5th側 ぽ�  polynomials，有智� hoseωe館� cients限吋i'� 

aj;=[a j • s aj川町+3aj + 2 aJ+ 1 aj]. jコO""n 5 (21)叩� 

畠restable，偽� en-th order charact悲� risticpolynomial is st語ble. 

(2) The stability condition for theふ� thorder polynomial is 
given by Ro時� -Hurwitzstめ� ilitycondition. However the 
formula is fairly ∞mplic寝ted.百� lis路線�  be greatly s如� plified，� 
usu狂� icientcondition' is副� edinstead of necessary誕nd 
su盟� cientcondition，such as思qs.(14a)鶴� d(14b). Thus Eqs. 
(14a)邸� d(14b) are the sufficient condition fOf stability for the 
か� th併設� ercharacteristic polynomial. 

Th悲 sufficientcondition for instabi1ity is proved as followsj 
(1)百� the3rd and 4th Of'抑� polynomialare器table，Eq. (15) 

does not hold. 
(2) Form stable 5th or 6th ordぽ� polynomialby multiply-

ing a stめ� le 2nd 0凶器� rpolynomial to the 3rd or 4thωder 

stabJe polynomial. By d訟配� t儲� Jcul詰� tion，it is found that Eq. 
(15) does not hold.τ 1tus for any stabJe polynomial Eq. (15) 
d燃� nothold. Thus Eq. (15) is sufficientωndition for 
instability. 

s，tandard formぱ� CDM 
In CDM，the reωmmended録制品�  rdfon廷� is 

YI =2.5， Yn-1出� Yn-2=…詰 Y2= 2 (22) 

百】� e銭綴� ld鉱� dfonn h晶sthe favorable charact悲ristic草� asfolows; 

。)Wh舷� 1the ordぽ� ofth峨� numeratorpoJynomiaJ is zero，as 
in lype 1 servo妻� the器ystemhas virtuaJIy no overshoot. O nJy 
negJigible overshoot exi榔� forthe総側�  d制� thirdorl侃� A

戸� 01蛾� overshoot(about 40%) is伊� aranteedwhen the 
numerator polynomial is selected to fonn a type 2 servo. 

。)Among t加� systemwith the same叫� uivalenttime 

∞nst蹴� 1τ，the榔� ldard fi側� nhas the shortest settJing time. 

羽� lesett1i碍 tIm邑� isabout 2.5 3τ.柑

。)For the same equival偲� ttime constant，the step 
responses of the撤� ndardform宮:bow麗lmosteq叫糊�  vefonns 

irr臨界� ctiveto the側� lerof the characteristic poJynomials. 

約百�  echaract柑� sticroots of lower ord叙� have明� ual化儲� y 
characteristi岱� withalmost equal negative real parts.百� leyare 

aligned on a vertical Jine.百� lecharact佼� isticroots for higher 
order蹴� locat吋� within語� sector50 d朝 時 �  fromthe negative 

rthan 0.64. 崎容1is 1;cient間e∞dtheir damping，組1axis飽皐

〈勾� τbeCDM鰍� dardform is very鵠� syto rem倒胤�  

seJection of stabi1itv加� dex 

In the総� tualdesign，the choi由。�  fY 1 = 2.5，Y 2 = Y 3 2is詰� 

strongly re際� nmended，but it is not 齢制�  saryto make y 4叫� 

yIl _ 1 equal to 2.官� lecondition切� nbe rel獄叫�  as 

11> 1.5y; (お)

In舘 ch磁器� e，the roots of the h福知例�  erbecome cons鉱脈

おむ� ay畿� ldthe d鉱� nping ∞efficientbecomes smaller.百� le
持� b田� tnessdecreas部� slightJy，but it i露� ]arge]y0偽� etby 

narrowerb犠ndwidth，inα問� seof desi伊f]exibili税制�  dlower 

ωder ∞ntroller. When variation of som容� parameteris 拘置炉，� 

the ∞n部� pondingY I may be加� α切� sedto gu器ranもeedesお凶� 

robustness.訟回総�  sethe essence of the CDM Ii邸 inthe 

E班呼号� rselection of stability indices y i'S，some experiences are 

required in actu必� des靭，� as is加� ein any d関� igneffi紙



3.BEN~PROBLEM 

ProbleJ宣1statement 
百� lebench m畠rkproblem is the control of the two-r腕� ss-

spring system shown in Fig. 3，which is ageneric model of 
附� uncert轟indyn畠� mica1system with a rigidゐ� odymode制� d 

one vibration mode. It is a総� umedthatお� rthe nominal 

system m]埼� n:z出 1削� d孟=� 1 with畠ippropriateuni線 鶴 �  dtime 

is in units of s即� onds.A control force acts on胎� dy1，凱�  d 

the positron of body 2 is m儲� surOO，resulti昭 治 �  a 

noncollocated actuator /sensor oontrol problem. 

U 
Wz 

W I 

Fig. 3. 1¥vo-mass暢� springsystem 

。erivationof control svstem 

官� leplant sys1em matrix will be deriv副会�  om Eq. (24a) as 

l
山市
ー� k 

百lIsis solvedゐ� rx" as 
0 dp(s〉xz田� u+w)千� [(m) Iめが+1] W z (却の

，k+k1川町
W 21-1ろ11mf2+k百1Issystem can be repr鍬intOOin 銀総司� sp量ceform as 

(25) 
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z器� XZ (24c) 

where x]観� d X:zare the position of body 1剖� d加� dy2， 

E時符� ctively;x3組� dx4 the velocities of body 1鶴� dbody 2， 

r関� pectively;u the oontrol input acting on body 1; Y the 

sensor output; wlぉ� tdw2 the pl翻� tdisturban偲� sacting on 
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body 1肌� dbody 2，respectively; v the sensor nois母;� and z 1he 

outp倒的�  beoo総� olled(i.e.，1he perform服� cevari油� i斗� 

τbere are 4 pro制� emsin the benchmark problem，of which 
Problem 1 and 2韓民側1Sideredhere in or加� toclarify the 

nature of the problem. Because the speciflcations shown in 
the original problem have some ambiguity，官� lompson(1995) 

∞mbined Problem 1制� d2，and made the specification more 
oonα芭te. 

The pr'叩� 0嘩吋� problem (probleml鶴� d2) i墨� asfollows; 
(1) For a unit impulse disturb館側服組�  .edon加� dy1 or 

加� dy2，the ∞istrolled output of the nomin畠� 1system shall not 
儲� ωed0.1胡� er15 time units. 

(2) For the附� nedisturb鵠偲�  sthe peak control level of the 

nominal system sha11not exω00 1. 

。)百� legain margin総量� llbe6 dBorgr儲� ter制� dthe phase 

margin shal1 be轟1least 30 deg. 

k~~五.50bleforbe st畠shaUleclosed-Ioop system官(4) 
2.0創� ldmJ躍� m:z誼1. 

σ〉古� le c10sed品。� psystem sha11be事tablefor simultaneous 

ch蹴� ges1 -pm ~ k，m 
l' 
m:z孟 1+ pm，pm =0.3. 

(6)τbere shall be r儲� sonablehigh組合叫� uencysensor noise 

r恥� ction，performance rob凶� ness，翻� dcontroI1er complexity. 

相
叩

-k/m) k/m) 
k/mz -klm


where 

Ap(s) (m)m2/k)♂� +(mJ+mJs2 (:話 b)詔� 

百� lestandaJ:設 controllerin the CDM is oftwo degree of 
命館� d側� 1type，船�  d概� E縁 側 吋 畠 �  S 

Ac(s)u=B.約九� -B点)科� +v) (幻) 

where yr is the re伽開館�  inputfor X:z・ 

The closed-Ioop system matrix is 0協議� inedas 

[←|件lM1/川町l(s)v丸一民B.(s)-1 Ilu J.(s)Bc(s) A 
(28) 

百� leresponses are 

[iト汁一I~s) I[B刈 -B.(s)v]
Ap(s) I 

唱 主IAc{s) I
←� L l ibvlベ(m11 k)s'φ1} wJ 

~c\~/P(s) I…Bぷs) Il J (29a) 

where the characteristic polynomia] P(s) is given as 
巴P(s) A.(s)At)+B点〉� (29b) 

AnaJvsis of svecification 
百� lespecUications given above w i1l be ana1yzed，and th悲� ywill 

be int叫 持 制 �  tothe terms of CDM 10 make t挺似�  ign碕� siet 

From problem item (1)，the equiva1ent time const轟n11部� 6sec 
is selected，because the settling time is about 2.5 1:儲 tdthe 

specifl誠意� ettlingtime is 15 s舵.�  A controller is ca11ed the m 

In order controller， if the仮性� erof the denominator is n， 船 �  d 

that of the numer語.torm. A 3.13 controller is cho書記� n，� 
beca務総�  thisis su部� cientto gu皐� rante号� stabilityto the 4th 

o吋設� rpl締� t，and also is sufflcient for the high企equency 

attenuati机� τbenAc(s)蹴� dBc(s) will be assum叫� as 
詰� 

吟(3010 +12S2 + 11S十l3S3A.(s)

Bc{s)=k3S3+kzsz+k，S+ko (30b) 

is 10 and，narbitrarily徹底nbe ch伺where one parameter

cho鍵� nas 
1 (30c)='0 

畠ndthe characteristic polynomial P(s) become草加�  m Eqs. 
(26bX29b)(30aX30b) 



P(s) = a.，s1 + atf暗+ a :rS5 今 a~. + a3s
3 + a-t2 + a1s + aO 

詔� [/yS7+ Izfd + II + 1s.] α 

+ [1〆+1-t4 + 11s
3 + 1 S2] s 

+ザ+k.f2 + k1s + ko (31a) 

α世� (m1m2 1k)， ド加�  1+ mJ (31b) 

For the nominaJ回 se，� [α13] is [1 2]，回� d，for the孟� 

varlation，the Iimits鵬� [0.5勾臨� d[2 2]. For the 
simultan容� ousvarlation，the limits are [0.7 1.4]，[0.37692 
1.4]，[1.3 2.6]，閤� d [2.4143 2.6]. The gain margin 
specification of 6 (卸 C翻� beinte中� retedas the the variation of 

1].to[0.5軒� [α

ln the oontroUer design，the vaJue of kz tends to be minus. 

百� lenthe d間糊 �  seof静� w jJ) produ偲� muchゐ� αE僻� dvalue of 
8.z' which is v鐙� ydetrimental to the stability of the system. 

For this rea初� n，kz must be given speci必� consideration. 

From Eq. (29吟，� it is c1ear that w" requ加� muchmore control 

effort ∞mpared with w l' be開� useof the s" term. Considering 

that w" is a unit impulse，the pe球� vaJueof the u w ilJ be 

summarize the results，the phase margin PM，the g畠� inmargin 
GM，the sett1ing time t.，the maximum value of the control 
effort um Bll' the variation of k， k凶盟 I kmax ' and the 
意� imu1taneouschange limit pm鉱官� shownin畠� rowvector FM 

(Figure of m容� rit)OOfin吋� as 

FM盟� [PM GM t， u初制 凡� ωIk.聞蹴 pm] (33b) 

百� 1意� bo]dletter冨� inFM泊� dicatethat thespecification is not 
satisfied. Also s∞re for FM，which w il1 be OOfined ]ater，is 
shown.官� lisdesign is robust翻� dsatisfy aJ1 the specifi回，� tion 
exc叩� tthe oontrol effort u max' which is fairly 1畠� rge.官� tis . 

d制伊�  1shows U ma混組�  drobustn部� sis in a trade心� Iff，臨�  lone 

has to be saα的関� dfor the other. 

Fig. 4. Block diagram of ∞� ntrol system
制sthis v.諮問for the nominal case. 1" 113 /r，品。about k] /a e
 
is t紘� enas a measure of the control effort. 

官lUSthe basis of the CDM d槌� ignw j]j be summarized as 
folJows; 
CDM specification 
(1)τ首位叫� uiv必� enttime co州 側�  τis6 sec. 
(2)官 lecontroIler is the 3 /3倣� der.

。)The nominaJ vaJue of [a 13] is [1 2]，翻� dthe Jimi録制 
  

[0.5 2]，[2 2] for匙� variation 
[0.7 1.4]， [0.37692 1.4]，[1.3 2.6]， [2.4143 2.6] 

forpm 
[0.5 1]. for伊� inmargin of 6 dB. 

(4) kz is to be made small negative as 伽� aspossible. 

(5) 113 / 1" is to be m泌� .eto t桂� kethe v山� earound 1. 

ln this way the specification is int老町� pretedto the terms of the 
CDM，凱�  dthe d田� ignwilJ戸慨 edon this basis. 

4. DESIGN BY CDM 

PreJiminarv desism bv CDM 
百� lebloc匙� diagr富� mof the system is shown in Fig. 4. First 
des砲丸� CDM.1，is made using the税制地域� v政� efor Y i's翻� d 

the equivalent time constantτ=6. 

YI= [2 2 2 2 2 2.5]， 1: = 6 (32) 

τ11悲� resultis shown in 1able 1. Some shorthand notations 
are used as， 

Y1= [y 6 …� Y" Y 1]' 竺=[a，・.. a1 90] 

h宮{主� 3kz k1 ko]， I[盟� [1] 1" ]0] 1) 
Also the key figure，KF，is de命� 1凶� as

貯盟[�  k3 I 12 k:z] (33吟

百� lefirst叩� tryof the KF is a measure of the control effort蹴� d 
the se∞� nd entry ia a measure of robustness. Also in order to 

hlDrovement of the oontrol effl倒� 

ln order to d間四�  seumax' 	 d踊large 1" necessary to makeit ls 

k3 sma)].百� lis凶� nbe achieved on]y by reducing the stability 

おldexYi'especi必� lyof the low order.ち leY"翻� dY1儲� nnot 

bedおお総叫恥伺闘記�  thenthe time response w il1 be OOt剖か� 

mめ� d.官� lUSY5' Y4'釦� dY3制必�  mぉ� edto 1.5.百� lelow儲� t 

val回� oollSid釘吋� is 1.5，because the粗筋�  cientcondition for 
織� bi1ity，� is always s以� isfiω，ぽ寵� 11YI largerEq.(14a)， 、議吾容� 

治服1.5. The y岳� ischosen総� 2，be悶悶�  itdo総� not成� ct1，
2

官	 lUSCDM・2de草場滋� ismaOO for 
Yj [2 1.5 1.5 1.5 2 2.5]，� τ= 6 (34)詰� 

古� leresult is shown in羽� b]e 1. 官� lisd部� ignsatisfies湿器鵬�  

condition，but k_:_1 k_.. is not satisfied. ln order to訟� ldthe 
mm 四割

同，� usefor the加� stablJity，� the stability index Yiand the 

stability limit Yt釘� e ∞mp鉱� edfor k variation儲� se. 

For註詣� 0.5，� 
YI宮� [2.135 1.624 2.103 0.9255 2 2巧� (35a) 

Yi.盟� [0.61560.9539 1.696 0.9755 1.4'81 0.5] (35b) 

口組� ]yY3 is deteriorated. This側� onlybe helped by 

increasing Y 2' be凶� usethen Y3' j活必� α糊sed as is c)鴎� rfrom 

Eq. (8). Also for k = 2， 
Y1= [1.776 1.380 1.267 2.175 2 2.5] (36畠)� 

Y1・= [0.7247 1.353 1‘184 1.290 0.8598 0.5] (36均� 

C1ear]y Y5 is deteriorated. 百� is倒� nbe improved by 

increasing Y6' be切� usethen Y5. is decre結成�  

imDrovem儲� tof robustness 
Now the design CDM-3 is 1瑚� defor 
YI= [4 1.5 1.5 1.5 2.5 2]， 1:器 6 (3η 

http:CDM.1，


祐容� resultis shown in Thble 1.明治 designsatisfies a11the 
specifications wilh cornfortable margin.τhe choice of Y6器� 4 

is more or less. arbitrary. However，even狂� Itis匁問畠�  sed
ぬ� rther，the robustness Improvement is not conspicuous. Ifit 
is decre畠sed，the robustness d倒凶�  sesbut Ihehigh frequency 
attenuation w i11 be bett低Aswi11 be shown ]ater，ち， ~，組d 

12 	are魚mctionofτ2' wher記� 

τ2=τ� I(Y2 YI) (38) 

meτ2鈎	Y2 = 2.5 and Y1= 2 give the1:， τhus for the same 

鑑山� h凶蜘随mek3，与組� d]2・訟� theぼ� di糊� rysystem，the 

system without overshoot isμ鳴双吋鵠�  dY1= 2.5 is chosen. 

In this prob]em，the overshoot is a1Iowed be儲� usethe settling 

time definition is given as in item (1) of the problem. Thus 
entocho醤isY1 2' in order 10 give the maximum value for Y 

be 2，which is the sma]]ωt value for the good time respons悲
糊� veform. 

Final desi剖� 

Although CD措� -3is a satisfactory design，further 
ethe創出be1:，sing畠deby incre晶nbem儲.provement加� 

S母tt1ingtime胸部�  memargin.τhe final d側� ignis made勧� 

Yi= [4 1.5 1.5 1.5 2.5 2]，� τ= 6.4 (39) 

官� leresult is shown inτable 1. A1] t批� specific畠.tionsare 
satisfied with comfortable margin組� dhigh s∞路� of8.54 is 
achieved.宮te frequ峨� cyresponses of the open-I∞F加 出 �  fer
魚Jsctionar軍� shownin Fig. 5，削�  dthe time responses are 
shown in Fig. 6. 
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5.古都�  ORETICALANALYSIS 

官� leoretiωi額� alvsisrela凶� tocontrol effort回� drobustness 
In ordi織� rycontrol system design，CDM desi.伊� issimple and 
straight forward， be偲お� seonly aた� wstめi1ityindic総� oflow 
ord釘� arechosen in a税制品� rdmanner姐� dthe equiva1ent time 
constant becomes only design parωnet鉱� Howeverin ACC 

benclu混� ar主� problem，the design is ∞mplicat泌，� be悶� usethere 
is器包叫か� offbetwe閲� robustnessand control effi併し加�  d会Jrther 

more this刷� de-offis very tight due to settJing time 
∞双� straint. 

Thus theoretical an轟� lysisisぉ� quおedto relate robustness and 
∞ntrol effort to CDM化� signparameters制� chas stabi1ity 
index Yi組� dequiv晶lenttime constant τ. Such theoreti偽� i

細川� Y5isis possibisdue tothe doss connection of yimd t te 

th悲∞羽� tro誼俊樹�  dplant parameters，組� ddue to the usage of 
Ihe su館� ci叩� tcondition for stabi1ity by Lipatov (1978). 
百E悲喜� etwo f掠� turesare the most conspiα10US points in the 
CDM，and they are fully 恐慌� izedin this benc初� narkproblem. 

Selection of stabi1itv index 
First the topic of selecting Yifrom gain margin GM捌� d 

∞ntrol e蜘� rtu m蹴� 
willbe discussed. From主q.(9d)，each 

coefficienl of the char轟� cteristicpolynomial will be shown as 
al器内� τi

噌� 2/(Ytmi d-2 … y~-3) 

詰τz τ1(Y2YI)' a2=aOτ21 YI (40) 
For白� enominal岱鵠，� from Eqs. (31a)加� d(40)， the contro]]er 
p館側蹴略語�  ree叩� ressedby Yi縦� τ2as fol1ows; 

13 詰{れ k 2) τ~ 1(y6 yb! yj)	 事� 1a) 
12= (2 + k2)τi/(Ysyhi) (41吟� 
11+ 213 芯 (2+kJ τ~/(Y4yi) (41c) 
1+212= (2 + kJ寸1y3 (41d) 
k3+211=(2+kJτ(41e)  

Now U 12 is eliminated金om Eqs. (41b)制� (41d)，the 
fol1owing rel刻� ionis dぽ� ived. 
lぉ� (2+k2Hτi� !Y3-2 't~ I(ysy; yi)1 (42) 

21: for the given，itbecomes clear that拘置しequat除mthi及。� 
' 

組4'Y 5'Y ，dY2Y1 = 5制6= 1: Ito ~. For阪dY3are rela
Fig. 5. Fr四辺朗 cyresponse 

納税泌� ewll1>混ま 1m郡長s.w壇旬泌� 

m蹴倒的0.3 is町議-Thus2.副知1.2 is eq1: the 

4'Y 5' ed1 rand y絢加pla偲as will be側6 dB conditi主主GM 

阻� dY3 are ぬ儲� en10 be叫� ua]，the solution of Eq. (42) gives 

事� 

1;.: 

日}

2 

ki::::: 
 Y5 =九=Y3孟1.4909，� or孟� 2.3495 (相) 
…?\~一一一一一 

This is the 1imitation imposed 00 Yiby the GM requirem関1.� 

主o ..0 20 <40 

知院指� 8wl也� u 楠鈴鹿・w2臨u
0.2 0.2 開-r--ーマー� 

j¥rい~吋ムー-ー.� 
.1藷仏O.司� .o.2H 

.().4Ht .0.4 

20 <40 
制時	 

40 曲。20 

Fig. 6. TIme respons悲� 

Next the Uma友謡� 1condition w i1l be ∞nsider，吋.In order to 

舘� .tisfythis condition，k3 112 must ta初� value]ess than or 

and の，(41d朗s.(41c)均inatedfrom加Ifllis el1. aro d服� 

then divided by Eq. (41町，� the following relation is obtained. 
詰k3112 [1-2 'ti1(y4y;)] 1~せ/〈Ysyiゆい 413 /12 (44) 

isvalue is usual1y very白O(諮1]2 13 ssumptionof議By the 

誼sma]])，τ2 = 1.2，Ys = Y4 Y3'組� dk3 /12霊長� 1，the fol1owing 



10 

relation will be derived. 

Y5 =Y4 Y3室長1.5022 (45)坦� 

Fromおqs.(43)剥� (44)，itw i11be safely側出制�  thatY5' 

今is必tos制限.5in齢 揺 れueaJthe v.e鋭敏and Y3 mu 4'Y 

GM轟ndu condition. Also it sho咽� Idbe n01誠� thatthe 

condition Y5 Y4==Y3 1.5satisfies the su簡� cientconditi鑓鵠

max 
恕� 

伽� sta説1ity Eq.(14a). Thus ifEqゑ (43)制� (45)speci私

間� y，Y5盟� Y4 =Y3~1.4，no solution exists for th悲� problem. 

Inother words，thi添加�  nchmarkproblem i器量� V釘� y"tight 
problem九� wh佼� ethe solution Iies in a very narrow 1鈎lited 

will be given as fol1ows; 

Yn=ai/(α4 ao) =(2+kvZ， 1((1 +2l1) ko} 

=Y3Y;YI= 18ク5 (46) 

GM 6dB泌総 nsstability is maintained for the inα記お容� of器� 

kzand為� by2 tim偲� .τb悲喜� tabilitybound is co部� idered

約� undone third of th円� 22'6.25，会� om Eq.(1称� Fromthis 

observation the following relation is derived. 
2

(2+k2)*/3活� {2+2k v .'2 (47a) 

From this，the bound of kzis obtained曇s fo]]ows. 

hみ働� 0.31010 (47b) 

GM.dBpproximate condition for 6 詣，� s is百lI� 
region. Eqs. (42) (叫， wi治� Iち，眠k3 == mu.and U，0== 13
shown in Fig. 7. 

6. DESIGN PROCEDURESl.目、 (: 1.4) Ilnll..3[1.11.21・2拙� 

O.!lι、則。.......ゐ....

Formal statement of CDM d時� bm


対ロドぬい一一一 百� lesaJie似た� atureof CDM i器� thatthe characteri事tic
 

な畢トーー…;持荷主ETUr---;也 蜘:� po]ynomial刷伽∞ntrollerare d国 権 総 �  simultaneously. 
By this feature，偽� e紅旗� de“offamong various requirem惚� tsis 

!手 / 〆 〆 〆 〆'  
Sト・一..........‘ベ_...ゾ・・・〆仁ふ禽〆 ....aJ!にお 

:/  :/〆了

ドト ::;::::::;;;jjfJ比??:iJj ン:.-，...~.. .γ・，-
斗…ート..;.r:.ンペコ〆ア〆� . 
2ト:::.'~:"~~"'~:'.:".:~~・0 ・・ 4 
qh JUJ'tEJt!?-z 2 

。疎開� ma邑� 4，3 

Fiふ� 7.Relation -amol混合�  si伊� parameter事

百� 'ade-offrelatio縮� 

百� le鑓初制�  anaJysisof Fig. 7helps to clari今� the協� de-off 

relations amo略� GM，滋回目，� k m初� 
Ik邸側�  pm.伽 倫踏ま1皐� 

't2 'the訟部総�  ofY5' Y4'邸� dylnec芯ssitatesthe 

deterioration of Umu.翻 dGM. Asse開� fromCDM1and働� 

CDM-2，the in慨蹴�  ofy5' Y4"Y 3必wayshelps kmin I弘E 

robustness dueto spring con事tantk variation. Thus k由泊� j 

k isin伽� de-offrelation with GM級泌総翻ピ幽� 

ioratesGM鉱seof τ2 det精Ulα 3' and Y，Y5' Y4悲For the sam

a討論�  prov国� U関脇 醤 官lusGM剖� du_ are in trade-off 

relation. Asseen 会omCDM-3回� dCDM・4，加� αeaseof τ2 

deterior泌総� GM，but it加� prov穏慈�  maxconspiα lOus]y組� d 

higher score is obtained:官� lerobustness of pm倒� nbe 

interpreted as量的nbinedeff1配 tofGM皿� d ~iD I胞が�  

1sare cIosely叩usesome requirem四be，edited却tlye晶，gre
rela総� 10the characteristic polynomial，while others are 
re]諸島，� edto the p畠ぬまま� leterof the con1ro語紙� 

τbefon汲aJstatement of CDM design戸。偲� durew il1be stated 
語sfoI1ows; 
Given 

(1)τbe plant polynomi必s，� Ap〈s)，� B手(s) 

(2) The upper bound of叩� ivaJenttime ∞nstantτ 〈宅榔茸�  

(3) The range of stability index Ym In < Y < Y蹴� 

(4)百� leorder of controller polynomial. 九� mc 

(5)Some p協� metersof control1er，(usua11y given by the 

steady s飽ぬ� ch輪出市�  ti岱:)� li ' 矢� 

Find 
(1) Proper equivaJent time const畠ntτ  
(2) Proper stぬi1ity index Yi 

(3)百� e ch諸問� cteristic polynomial P(s) 

(4)百� le control1er polynomiaJs 

denominator へ例
制� back numerator Bc(s) 

おたお� nce numerator Bρ) 

ωnside出� Ig

。}民� eference tracking char湧cteristics 
(2) Disturb踏切対�  ection characteristics 
(3) Robustness 宣明� uirement 

be儲嶋容�  the former is related 10 m"
l' "'2 

dthe， 組variation..，m 

latter to k variation. Thus，ifhigher u糊� xis tolerated，very 
high robustn偲� S儲� nbe achieved simply by inα帥� singYI翻� d 

deα偲� S泳gτ2 

Relation between GM制� dk2 

Now the relati側� be加� ee経� GM鶴� d kzw il1be砿総訟�  ed. 

From Eqs. (lOb) (31ら� thesecondぽ陶器�  tability帥� xY22 

Desi翻� m∞吋服部

官� lUSthe d酪i伊 戸 田 �  essgo田 昌 �  sfoI1ows; 
(1) Assume the contro伽� inthe simplest possible form， 

such as 
Ac{s)ロ� 12s2+1.s+lo (ぬ}� 

Bc{s)=k2s2+k.s+ko (48均

九� {s)=mls+mo (柑� c) 

Some par富meterswill be derived金omthe steady state 

characteristi岱~



。.)Solve the following Diophantine叫� uation 

simultaneously as stated in the formal statement. 

al=ao' y~-2 '1;-1)τtj(Yt-lyiz … (49) 

Ao (s) Ap (s) + Bo (s) Bp (s) =P(s) =a，!n+…+o，lS + ao 

Ifsolution can not be found，modi今thecontroller 

assumption and rep回 tthe process.。)D回� ignBa (s) to sati均� thereferen回国C蜘� g 

characteristics. 

It should be noted that the solution of the above Diophantine 

equation is not straight forward，be回� useknown variables叩� d 

unknown variables are in both left and right side，and also 
number of equations釘� enot necessarily equal to the number 

of unknown variables. 

Method of solution 

Be伺 usethe solution of the Diophantine叫� uationis not 

straight forward，following tbr閃� methodsare凶吋� ωIgetherin 

combination a回� ordingto the desi伊� stage. 

(1) Graphical method 

At the回� rlydesign stage，drawing the ∞� efficient diagram by 

hand is strongly re∞mmended. By so dοing，the basic 

FM = [30 6 15 1 0.5 I2 0勾� (50a) 

s∞� re is 2. If the result目白吋�  sthe specification，such that 
FM =[40 10 9 0.5 0.3535 I2.828 0.4] (50b) 

the s∞� re becomes 14，the highest value. In this scoring 
system，a s∞re of zero is good，a s∞re over + 4 is very good， 
and a score below ・� 4indicates the design needs improvement. 

Published solutions 

nber，・� 加dDynamics (Sep，叩Control田，leJoumal of Guidan百� 

October 1992) pr凶� ented11 solutions to the problem.百� le 

first 6 solutions use various desi，伊� techniquessuch as 

minimax method (Mills，1992)，game theoretic control 
(Rhee，1992)，pole placement (Lilja，1 勾)，� q凶a 旬凶削剖凶t刊印992 叩u aive叩� nt山it“
f刷剖凶� ckt白恥伽恥蜘伺� o Ja町yas町� rhe 均a 伽i町η(陶 叩u

(Collins，1992)，and I.l・， synthesis但� raatz， 1992).百� e 

following 5 solutions us泡� avariety of techniques b鉛� edon 

H ∞� theory (Chiang，1992) (Byms，1992) (蜘 ng，1992) 
(Adams，1992)仰� ie，1992). 

百� om戸� o 釘均5 恥恥es戸e 剖叫仰山io叩� nmore ∞nα ，飽e佃叩� n(仰1ω99勾)� made th 舵� c江出� icωa伽o 悶� et d叩p ti

m刷� de他� isown d 靭伊 n 伽I 凶伺叫1/叫刊巾� hi 似削白剖i 凶 噌gc凶蹴酬i 押附p 舵叫c戸lroaap叩柳仰� 

weights for Hz solution are obtained from the classi伺� I 

structure of the controller will be必� signedintuitively. 

(2) Use of design form 

百� lereis a sp舵� ialdesi，伊� formflωCDM.百，� ed回� i伊� ercan 

proceed his desi，伊� byfilling this form. 

。)� Use of CAD (Computer Aided D叫� n) 

MA:τ1AB M羽田�  aredevelo戸� dto e却� editethe design. There 

are伽� eeimportant functions. 

"function g2t" gives the most favorable equivalent time 

constant for the given plant and stability index. 

"白 nction g2c" solves the Diophantine equation，and 
controller parameters are obtained. 

"function c2g" calculate various characteristics for given 

controller and plant. Frequen句� response，time response，and 
roots location are shown in figures. 

Also there are other functions to relate CDM to LQG. It回 n 
be proved that there always exists剖� augmentedstate fi田� dback 

control，which exactly ∞� rre叩� ondsto aCDM design，if 
indefmite weight Q is allowed但� ayase，1973) (ohta，1991). 
By use of these functions，the gap between these two 
approach回� is fIl1ed effectively. 

In ACC benchmark problem，a special M-file，called acc釦� 1，� 
is developed，using g2c and c2g，阻� dvarious characteristics of 

the control system，including FM皿� dscore，are immediately 
obtained for the given controller. 

7. COMPARISON wrrn PUBLISHED SOLUfIONS 

Scorim! svstem 

百� 10戸� onintroduced a scoring system in his paper 

ぐfhompson，1995，Eq.ο1) andτable 2). If the system 
satisfy the specification，such that 

control theory. By so doing，design pro田� dureis more 

automated，while the rich experien田� sin classi伺� 1control are 

ret剖� ned.


百� lese11 solutions and Thompson's solution are tabulated by 

Thompson (1995). From these solutions，some solutions 

with high s∞re are shown in百� ble2. Chiang's solution is 

包� ken合� omthe original paper，which has higher s∞re 

∞mpared with the one戸時� ent叫� by百� lompson. Others are 

the same as those presented by百� lompson，with minor 

∞rrection in numbers. 


Comnarison of solutions 

百� leresults of comp也市� onare as follows; 


(1)百� eCDM design叩� E刷� u田� agood ∞� ntroller 

systematically. It is worthy to noti田� thateven the 

preliminary design，CDM・1，回� n戸� odu田� afair design.百� le 

final design，CDM・4，is better than any previously published 
design.百� lecontroller is 3 I3 order and simple.

。.)Thmpson's result，Eq. (19)，is only controll釘� which 

satisfies all the specification.百lIsd回i issimilarω伊� 

CDM・4in the pa恥� mofY 
j
佃� dvalue ofτ. Thus the 

con位� ollersare similar and FM's are similar，too. 
(3) Wie's result is the second highest.百 isis similar to 

the minimum-phase ∞� ntroller by 百lOmpson.Both 

controllers barely missed the specification，叩� dhave high 

score. 

(4) Chiang's result comes to the 3rd pla田� insむ� O凪It� has 

small GM.百� lerest of the controllers by Ulja，Braatz， 
羽匂� ng，Byms，and Adams have about the same score.百� ley 

have the same tendency of having smaller PM加� dGM. 

σ)Although various methods蹴伊国�  entedwith various 

results，the variation of the results is mainly due to the 
difficulty in interpreting the given specification to the design 
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148 0.3151] score1.[0.2431 / :::: KF 2.8櫛 盟� 

F話=�  [30.2 3.9 15.1 0.80 0.46/3.70 0.3得

、知立(1992)慧� O.(32) 0納容� rver-basedH ∞ 

Y
i

[2.270 1.731 1ぷ� 65 1.543 1.641 1.796 2.310]
掠� 

't = 5.486 

孟i詔[� 0.4988 ・� 0.5844 0.5960 0.1086] 


J，= [0.鈴� 4316 0.05078 0.2546 0.6869 lJ 


KF = [0.49噂� 8/0.2546 峨� 0.5844J 紛れ倫�  0.44
 
FM [30.1 4.1 11.0 1.35 0.50/2.10 0.29]
需� 

23vms (1992) Ea. (45) H∞溢�  tdLTR 

Y¥盤� [0.94552.899 1.1 49 1.777 1.466 1. 833 1.850] 

τ=4.986 

kj [0.1157 0.5840 0ぷ� 255 0.1054]
掠� 制� 

11 = [0.01761 0.09822 0.5444 0.98319 1] 


KF = [0.1157 /0.5.444 -0.5840] scoreト� 0.62
 
FM [23.3 3.0 14.2 0.88 0.51/3.56 0.30]
器� 

Adams (1 992)恥� (4抗 日 ∞ 制 �  dlβG
 
Y1= [1刀� 7 1.588 1.530 1.737 1. 675 2.463 1. 9440] 

τ=7.624 

k[盟� [0.2112 -0.9541 0.2667 0.3498] 


1I = [0.009061 0.06986 0.2920 0.7274 1] 


KF = [0.2112/ 0.292θ 欄� 0.9541] score = -2.50 

FM = [24.8 3.4 28.0 1.25 0.31 /2.59 0.3勾
 

Wie (1 992) Ea. (40) H∞ 

Yi = [0.9728 1.870 1. 194 1.550 1.571 1.910 2.015] 

τ出� 8.248
 

詔h 1・� 0.1324 0.3533 0.6005 0.07280] 


]j [0.5503 1.418 2.653 2.480 1]
盟� 

KF需ト� 0.1324/2.653 0.3533] s∞終端�  6.43
 
FM [34.2 6.1 15.2 0.57 0.44/3.91 0.459J
誼� 

τ110m関側 �  ω951� Eo. (1針。総 sica1 1ち
 
Y i = [1.929 2.627 1.563 1.552 1.451 2.543 2.020] 


τ=6.263 

員=� [0.3263 0.4548 0.4985 0.07960]
倫� 

1，= [0.002675 O.部� 914 0.2915 仏� 77約� 1]
 
KF， = [0.3263/0.2915・� 0.4548] 側室�  e=7.36 

FM = [35.3 6.0 14.5 0.76 0.45/2.81 0.42] 


solution章、WiofDrovementIm(27)Ea.995)(1on磁器210
 
Y 1= [1.026 1.805 1.252 1.451 1.715 2.838 2.12OJ 


τ=7.908 

k，= [-0.09162 0.0066鰐� 0.5 380 0.06803] 


1] 2.0829091.0.9232[0.3249 ::: ]1 

KF=ト� 0.09162/ 1.909 0.006688] s∞� re 7.66
措� 

.4勾7 6.1 14.9 0.56 0.37/2.53 01.[3::: FM 

百� 10m随� on (1 995】Eo.� (28) Minimum-vhase 

796 2.145]1.6101.5181.691.19571.[0.8837，盟Y
 

τ器� 8.157
 
k[ = [0九� 16 0.7131 0.08742] 


]1 [0.7881 1.839 3.278 2.872 1]
出� 

KF [0/3.2780.7116] sωre 6.16
思 間� 

FM盟� [33.6 6.1 13.6 0.59 0.52 /∞ 0.37] 


parameters such as we抱� hts，and the skill to over∞� me蜘� se 

difficulti低 百�  ledes智� lme蜘� dologi田� seemto pJay minor 
roll in reaching to g!∞� dd部� ign倒百戸�  redwith the 
初旬� rpretationof the spec国側�  ion.τ 'husdesi伊� ershould 

cho儲� et治� d倒 伊�  methodologywhich is easi路� tin the 

interpr記� ta1ionproc鰐� S.

主治� le1 官� leCDM desi定都�  

CDM-l st総� da:rd va1滋 d路短� 3
 

Y1盟� [2 2 2 2 2 2.5]，� τ=6 

員溜[1.� 187 ・� 0.4738 0必� 359 0.1060] 


1 [0.003709 O.保� 945 0.3223 1]
結� 

I


府器�  [1. 187/0.04945 ・� 0.4738] s∞� re=・1.20
 
FM吋� 39.5 ゑ� 6 12.9 14.7 0.35/3.25 0.39] 


CDM-2 RedU(泌∞双� troJefII似 td路加� 1
 
τ=6，2.5]5 1.5 1.5 21.[2，獄Y
 

主i需� [0.5126 ・� 0.3219 0.6992 0.1165] 


1] 0.75060.3055[0.05431，=1
 ， 

KF [0.512610.3055 ・� 0.3219] sco隠=・� 0.65
器� 

FM = [38.2 6.2 12.8 0.97 0.53 11. 74 0.23] 

£DM-3 Robustness reωvered desi四
 

Y1田� [4 1. 5 1. 5 1.5 2.5 2]，� τ=6 

k{ [0.4040 0.3219 0.5594 0.09323]
器� 柵� 

I1 = [0.02716 0.3055 0.8049 1] 


KF = [0.4040 /0.3055 ・� 0.3219] sωre = 6.45 

FM思� [37.4 7.3" 14.1 0.89 0.46/2.29 0.35] 


CDM-4 Fina1 desIim 


Y{郡伊� 1.5 1.5 1.5 2.5 2]， τ=6.4 


h [0.2039 0.3895 0.5033 0.07864]
明� 暢� 

1{ [0.03599 0.3795 0.9却� 7 1]
盟� 

KF = [0.203θ 10.3795 -0.3895] 翻� re=8.54 

FM田� [35.4 6.2 15.0 0.59 0.47 /3.45 0.4司
 

table 2 ComDarison of solutIons 
IJlia 099泊� next釦.�  after (5) Pole Dla偲� ment 

Y1盟� [1.029 1.771 2.267 1.999 2.077] 

t冨� 8.862

科部[-仏 8964 0.2586 0.02919] 


I1語� [0.6083 1. 178 1] 


KF棺[鐙� 01app.益保説零] 気沼健� =0.26
 
FM器[13.8 3.7 29.0 0.55 0.23/ ∞� 0.35] 


23雌� tzJI992) Eas. (29) -(32) JL-svnthesis 

Y1盤� [2.061 1.551 1.556 1.512 1.589 1.592 2.650] 

't = 6.182 

民器� [0.1923 0.6580 0.5752 0.09305]
輸� 

0.1097[0.01346，器1
 0.88710.4068 1] 


ま� F蹴� [0.1923/0.4068 ・� 0.6580] score =・1.9
 
FM [27.2 2.8 14.1 0.95 0.57/2.50 0.28]
器� 

OlIa阻(1� 992) Ea. (.必】 E∞踏�  doole shiftimz 

Y1郡� [1.637 1.559 1.438 1.453 1.588 1.813 2.404] 

τ 7.682
韓� 

kl開[儒仏� 2431 ・� 0.3151 0.5273 0.06864] 


11坦� [0.09490 0.4558 1. 148 1. 606 1] 


http:0.57/2.50
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http:0.35/3.25
http:0.37/2.53
http:0.45/2.81
http:0.44/3.91
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8. CONCLUSIONS 

百� lemajor results of this paper are as follows; 

(1)主主� eoutline of the∞ 揃 �  cientdiagram method (∞ M) is 
brlefly儲� pl轟� ined.τbeCDM is鶴a1gebr晶� ic謀ppf!倒� chusing 

only polynomia1s，where the ∞efficient diagmm is utilized as 

a vehicle to collectively express the important f1儲 tur!結� ofthe 

system，組� dan im戸。� vedversion or K記事翠� ler'事総級金 rdfon汲

蹴� dthe stabi1ity condition of Lipatov constitute the 
theoreti儲� 1basis. 

(2) In order to eva1uate the effectiven記事� sofCDM，a 

control1er for problem 1朋� d2 is desi伊吋.Theresult is better 

ω� ∞m開� rableto the best des相lof~orH∞ control . 

(3) By theoretical analysis，蜘t恥he蜘� d伽e.網綱欄網州� 

mentぬsis clarlf吋d. It is made c1ear that solution Iike CDM-4白ie

or one by Thompson is the only possibJe soJution to satisfy 

the requirement. 

Although CDM is a pow拍� 111001 for control system design 

at this stag。ぬま� therrese蹴� hIs I掛対� edto n泌総� ectivetoite校側� 

M務総-Input-M ulti-Oロtputsystem，部�  dto m紘� .euse of it for 

desi伊� ofad呼� tivecontrol syst器級事� 
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