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Abstrnct. A ∞� ntrollcr dcsign mCUlodcallcdCoefficient Di轟敏郎官官� MeUlod(CDM). is introduced.巻� 

By this meUlod ul母� designercan design the cha.racteristic polynomial of白書c¥osedloop systcm 
efficicntly taking a good balancc of車線� biliゅ� response，a.nd robustne鈍.�  By CDM，組問�  ified 
intcrpretation of V a.ri ismade.Ol主宰轟 ttitudcconlrols of va.rious controllcd帝泌総� -momentumsatcllitc罫� 
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Thepu中� O霊� eof this papcr is to givc an unilicd 

intcrprctation 10 various aUitude controls of 
controllcdゐ� ias-momcntumsatclJIle，whcrc thc bias-
momむ� ntumvarics not only in magniludc but aJso in 
dircction by Ul C use ofoUlcr whecls. 

In order to give an unifjed interpretalion. some kind 
of fixcd standpoint is n民� cs滋� ry.The "Cωfficient 
Diagram MClhod" in control systcm dcsign is fairly 
ncw and not well-known，but iLS basic philosophy 
has been used in many ficJds of industry for more 
th釦� 30years with successful application espccially 
in sleel m i1l spccd control. 

τh ∞cf.焔白ficωic 総semiト.綱.“初恰� cco 叩� ntdiagram is a 1 

絞i毛ci必εn托山tωSof cha低� ε1俗i 抑� 01旬ynmI悶alslhe cωocf長訟li 附1 釘� ra総cr.蕊宰� 1山i化cp 附】Kωom町� arc 
ina加11刻泊泌Ol叫he泌cscale i比trIthmi山10gl語shown i加鈴 灼nt 羽a瓜� teand UlC 

numbcrs of powcr corrcsponding toぬ� chcocITicient 
areshown in徐容� abscissa.The dcgrce ofconvcxity 

is a mcasurc of stabililY. The general inclination of 
the curve is a mぬ� surcofr剖� .ponsespccd. The 

vari語� tionof UlC shapc of the curve is a measure of 
robustncss. Thus thc 1おお怠� majorcharactcri童話� csof 
control systcm， namcly stability. rcsponse，and 
robustness語� r悲� showngraphically in a singlc diagram. 
enabling Ule dcsigner to make a balanccd judgmcnt in 
the course of his dcsign. 

τhe powcr of the cocfficicnt diagram mcthod (CDM) 

lics in白川Il� gcneratcs not only non-minimum phase 
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controllers but also unstable control1 ers when 

required. Unstable control1 ers are shown to be very 
cfrective in control1i ng such unstablc plants as 

invcrtcd pcndulums wiUl limitcd numbcr of sensors 
(Manabc， 1994). LQG fails to produce a robust 
controllcr for planl wilh flexibiliLy (polcs al the 
vicinilY of the imaginary axis) as pointed by various 
aulhors (Edmunds， 1983，and Mills， 1992). CDM 
produces very robust controllers in such cases.官� 1e 
expcrience show that only well-designcd H ∞ 
controllcr can be equivalcnt 10 CDM controllers. 

This papcr will first explain the historical 
background which constiWles the basis orむ� DM. 
The heart of CDM is the design of Ule characteristic 

polynomial，and much auention will be paid on Ul is 
subjcct. Finally various control laws for Ule attilude 

control of satellites w il¥ be compared from lhe view 
point of CDM. and their specific fcalures will be 
explained. A set of controllaw which will be 

considcred best from Uleview point or CDM is also 

suggesled. 

2. HISTORICAL BACKGROUND 

In 1950s. the frcquency response mCUlod was widcly 
uscd in control system design. During that period，it 
was commonly recognized Ul at. for g∞� d system 
dcsign，such criteria as lhe phase margin or gain 
margin were not sufficiem and the frequcncy 

charactcristics of Ule open loop transfer funcuon 
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should have propcr shape for a fairly widc frequcncy 
rangc (γustin. 1958). 

Chestnu1 (1959) pointed out in his celcbra1cd book 
1he importance of thc relative location of break poinlS 
and the change of slopc at thc総� breakpoints at thc 
straight line approximation of the Bode diagram (gain 
only) of the open loop traおきた� rfunction，and he 
proposed a design method based on thesc findings. 
His proposal was very practical，and has been widely 
used in industry no1 only in 1950s bu1 evcn today. 

The rule of thumb. such that 1he straigh1 Iinc 
approximation of the gain should intersect thc 0 dB 
line a1 the slopc of -20 dB/dcc.， the change of slope 
a1 each brぬ主� pointshould be 20 dB/dcc.，and thc 
brcak poinlS (timc constant) should bc scpara1cd at 
least by factor of 1wO，has been widcly uscd in 
practical design of simplc control sys1cms. 

Bec制� selhe posilion of these break poi総� andthe 

coefficients of thc charactcrislic poJynomial havc a 

very close relalion，and thc specification of the former 
is equival悲� mto that of the I議tl悲r.Thus thcse dcsign 
philosophics conslilute lhc basis of CDM. 

Graham (1953) made intensive rcscarch to find lhe 
rclation betwccn thc cocfficiems of chanlctcristic 
polynomials and the transicnt 符� sponsc，and proposed 
standard fonns for dcsirable char説� cl.Cristic 
polynomials. This is commonly called ITAE 
(lntegral Time Absolutc Error) Standard Form. The 
values of cocfficienlS of this slandard form arc similar. 
bu1 a little morc 0ぉ� illa1ory，comparcd to thc proposcd 
valucs for CDM. 

Around these time. Kesslcr (1960) made imcnsive 
efforls to establish symhesis (dcsign) proccdurcs for 

multi-I∞� p control systcms，and came ouL wiLh a 
slandard form. commonly callcd "Kcsslcr Canonical 
Multi-Ioop Struc1ure". The proposed systcm is more 
slable compurcd 10 ITAE stand泌� fonn，and. for this 
rcuson，has bccn widcly uscd in the stcel m i1l control. 
II virtually becamc the industry standard. The CDM 
is simply山� esophislicalion and gcncralizU1ion of 
Kcs主Icr'swork. 

Stabilily of control sys1cms can be analyzcd by Routh 
創 刊誌 �  rwilZ cri1crion u1ilizingむ∞� fficicn1sof 
ch品� raclcris1icpolynomials. However in this way the 
effect of the variation of coefficients on stabilIly is 
n01 clearly secn¥ Lipatov (1978) proposcd sufficient 
condi1ions for stabilily and instability. Bccausc of its 
simplicity，thc rclation of stabi1ity and instabilily 
wilh rcspec110 1hc c∞� fficients of thc charactcris1ic 

polynomials becomes very cl翰五百�  leseconditions ar怠� 

integ臨� dto山� edesign pri剖 刻ぽ 問。 �  fCDM. 

In control system d総� ign，classical control山田� ryand 
modem control thωry are widely used. But there is 
other approach ca11ed a1gebraic approach.制� dChen 
(1987) propo鉛� da simple desi伊� approachbased on 
this philosophy. His approach is basically 
sophistication of 総� poleall∞� ation method for c10sed 
loop characteristic polynomials. Some of his idea 
constitutes basic philosophy of CDM. A 1though 
rationa1 functions are commonly used in algebraic 
approach，only polynomia1謹 areus伺� inCDM. In 
由� isway，dcsi仰何回�  eduresare much simplified and 
以x:omemore str泌怠� htflぽ� ward. 

Simply stated，む� DMis an algebraic approach using 
only polynomials，where the coefficient diagram is 
ulilizcd as a vehicle to collectively express the 
imporUlnt featurcs of the system，and an improved 
version of Kessler's織� ndardfonn and the stability 

condi1ion of Lipatov constitute the theoretica1 basis. 

There are thrc号� featuresin CDM which naturally 
folJows from the above mentioned basic structure. 
First，co-prime fac1orization forms rather th部� state 
space rcpresenUllIon or transfer function represenUltion 
are mainly uscd 10以� press山� emalhematical model of 
the plant and 1he controller. because these forms are 
c)oscly r泌 総 �  topolynomials and. while very 
comp誌は� in exprcssion. lhey have the same ri窓仮設� S 

the sta1e space rcprescntation. Secondly，closed loop 
design approach rath絞め� anopcn 1∞� p design approach 
is adop1ed，since in CDM the design of the 
characteristic polynomial is of uunosl imporUlnce. 

Finally，guided search approach rather白血記事� ignby 

spccification approach is adopted. The control1er is 
first assumed in the simplest possible form to satisfy 

the basic specification. and gradua11y improved to 
mect full specification. In that process the 
spccification ilSelf is being improved kecping balance 

bctwccn the necessity of the sμcification and th容� 

ωmplexity of r問問凶�  controller. This procedure 
bccomωpossible以x:議� usethe characlcristics of the 
system is CI開� rlyexpressedin the coefficient diagram 
部� d山� ec∞fficients釘� eexplicitly conn民I.Cdto the 
parameters of the conlroller. 

3. CHARACTElミISTICPOL YNOMIAL 

In CDM，stabili1Y indcx "yi 'equivalent time constant 

τ，and stability limit "yj. play very imporUlnt role. 



They are dcfined from the coefficienLS of thc 
characteristic polynmials as follows; 
Yj aj2/(語iφI~ω1) i::: 1 n-l出� 叩� 

t=~/~ 
Y;* = 1/γiφ1+ 1/ Yi・� 

Yn 'yo::: ∞ 

By use of these paramcters，thc charactcristic 
polynomial is expressed as foJlows; 

n 1 _掬� 

P(s) = ao [{玄{日よ )(τS)1}φτs + 1 ] 
i百� t.-1rj 

Y 1 '2Y... Y j Y j . 1 =rj 
Thus the coefficicnLS are 

気指~ t1 
/ (r)・� 1 …r'2rl) 

弐 =~τi/ (y 1・1Yi・� 22.HYIi・� 1)
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Also stability indcx of higher order is dcfincd as 
_.2 とJ “� L 

Yi j龍一...l!Lー:::� [11 (Yiけ・証明・ドkn YiJ 
aiψj ai・Iiい鮒� (8) 

From these equatiol1s，a few import.ant rclations 
among the coefficients and the par似� netcrsarc obtained 
as fol¥ows: 

気+� I/l毛獄 t/ (Yi …� Y2 Y 1) (9) 

気・� 1有� φ1/(ai句)器� Yj・� IYト� 2・..� Yjφ1 i > j (1 0) 

1) (11]・』・Yj+11陽子…tYiJ / [y i・r)"/aJ={τ/司� 

蹴…Y. = 2.5， Yft・� 1'"Yn・� 2 ::: Y2 = 2 (18) 
The standard form h.as the favor幼� lech滋溌� cteristicsas 
Iis1ed below. 
(1) When the order of the numerator polynomial i事� 

zero and the order of the characteristic polynomial is 
equal or higher than four.出� esystem'h畠� sno 
oversh∞し� Onlynegligible oversh∞� t exiωfor the 
se∞組制�  dthird 0吋� er. 

(2) Among the system with the same equivaleot time 
co国� tant，the standard fonn has the shortes1 settling 
time. The se1tling tim悲� isabou12.5 3t.削� 

(3) For the s畠� meequivalent time constanl and the 
unity numera1or. the SLCp responses of 1he standard 
form show almost equaJ wave (orms irrespective 10 
the ordcr of the characteristic polynαnia1s. 

(4) The characteristie roots of lowcr ordcr have equal 
dccay charac1eristics wi1h the almost equal negalI ve 
real parLS and aJ igned on a verticalline. The 
charactcrislIc rooLS for higher ordcr are 1舵� a1edwi1hin 
a SCCtOl・ 50degrees from the negalI ve real訓� is.and 
thcir damping coeflicien1 cis larger 1han 0.64. 

。)
 Thc CDM standard form is very easy 10 remember.宅+� 1 / aj= (yj. 1γi j)・if aiH116(;詰1・j・22.HYj+12 ・� 

(1 2) 

When a charactcristic polynomia1 is exprcsscd as 
P(s)詔� 0.25S5 + s4 + 2 s3 + 2 S2 + S + 0.2 (1 3) 

the cocrficient diagram is shown ns in Fig. 1，whcrc 
cocfficient ai' stabil ity index Y j •equiva¥ent tIme 
constant τ，and stubility Iimit Y t arc shown in onc 
figure. When theωrvature of aicurve bccomcs large， 

the system become morc stable corrcsponding to 
larger Yj'S‘� When thc curve ~ is leftenddown，thc晦 幽� 

equivalent time constant 't is small and thc rcsponse 
is fast. 

The stability conditions are summalized as follows; 

In the actual design，1he choice of Y 1 2.5.Y2 Y3部� 帯 溜� 

2 is strongly recommended，bU1 i1 is not necesぬ� rylo 
makeY4時九・� Iequal10 2. The condition can be 

rel都� cdas 

Yi> 1. 5 Yt (1 9) 

In such case，the r∞� ts of the higher ordcr bccome 
立� onstantdccay and the darnping coefficien1以x:omes 
smallcr. The robustness decreas弱� slightly，bul iL is 
largely offse1 by narrower bandwidlh. increase of 
design f1exibility. and lower order controlJer. 
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By mathcmatical manipulation of Routh-Hurwitz 
criterion. the stability condition for 4th and 3r言。� rdcr 
system becomes 
Yj>γ(14)  

For the systcm highcr than or including 5th degrec零� 

the sufficient condition for stability and instabiliti1y 
is obtaincd by Lipatov (1978). Thc suflicicnt 
condi1ion for slability is that either of the following 
two equations holds. 

Yi= 1.l 2Yt I=1町ル(15) 0.2 

(Yi+IYi)0.5> 1.47 i==1 n・2 (16)時� 

The sufficient condilIon for inst.ability i草� shownto be 
(Yjφ)Yi)0.5<1 1ール�  2 (17)器� 

ln CDM，the recommer泌� cdstandard form is 

324 



Because lhe essence of lhe CDM lies in山� eproper 

seleclion of SlabiJily indices 'Yi'S，some expcriences are 

requir吋� inaClual design，拙� is t.rue in any design 
effort. 

4. COMPARISON OF CONT叉� OLLAWS 

Controllaws nreviouslv室谷寵絞� ested.Various conlr討� 

laws are suggesl怠� dfor lh意義� uitudeco，!uoJ of the 
conlrolJed-bia事事� momentumsatel1ite (Manabe， 1981). 
In a simplified form normalized bヅ� lhenUlalion 
freq民民�  y，� lhe conlrol syslem is shown as in Fig. 2. 
The definiLion of nOlalions are as folJows: 
令r = lhe rolJ angle refcrence in radian。=� lhe roll angle in radian 
u = h1 h= lhe ratio of the momcntum of thc yaw z m 

wheello the momentum of the pitch whecl 
(minus pitch direclion bcing 抑制的}�  

d = momentum dislurbanc詑� ducωthcbαJy rcsidual 
momentum (this term is sctωzcro for simplicity) 

The open loop lr誌� nsfcrfunclions O(s)，slability 
indices 1 ;'s，and cJoscd loop poles Si'S are shown in 

The syslcms from 1 104 arc proposcd in 1. Table 

Iilcratures. The systcms 5加� d6 are looscly named as 
Zcro PID conlrol. Zcro PlD control is a special PlD 
conlrol，where the proporlIonal gain is almost zcro. 

Thus for Y2臨� 2and Y I = 2.5，by division of a3bya1 
t臨� (23)1+ k(11)3+ 1[(13.536 0.5 )] 

盤官� lecase where 13 oand k1= 0 is chosenぉ� lhe 

standard case. The equivalent lime constanl 't is 
3.536 for this case. If a system of f:轟� soorr部抑制弘

治� ving1初� same草� labilily，is required，klmuSl be 

τ泌総is kepl 10 zero in order 10 n13 incrcased while 

small. If lh母� compen訟� IOrof order n-m is defined a語講� 
compcnsa紛� rwhose denominalOris order n and 
numerator order m，lhe compensaω，r for this case i詰� 

order2-2. 

If a syslcm of slower res仰� nseis required，k1musI be 

decreased ωlhe negative direction，maybe down ω 
-0.5. Furlher decrease is nOl advisable because small 
varialion of k1may causc a large pcrcenlage change of 

ishelpful.as 鉛is al13 ln lhis case. increase of .a1
clcar from Eq. (23). Thus the compcnsaぬ� rfor this 
casc is ordcr 3伸之� 

Inord毛� r10 rcalize畠� largcr13・lhcIcf[ mOSI stability 

indcx Y 4 may be decr儲� sed10 1 from 2.す� his 

sclection doubles the value of 13・Whenklar叫� y/sare 
givcn，ら� can be obtaincd from lhe following relation 

dcrivcd from Eq. (8). 

122=Y4 Y3 )]1+ k(13[11)213+蹴(1)1asall (a 
(24) 

古� lble3 shows the conlrollaws derIved by CDM. The 
kl's are choscn LO be 0， 1.‘ 0.3333，釦� d・0.5. They 
arc named as "Stafii侮� rd"，"high gainヘ� "m組� ium-Iow 
gain"，and "low gain". The former two systems滋� 3 

lhc 4th ordcr and Y i郡� [22 2.5]，while the lallcr 

twoare泌� 5lhorder and Y i郡� [12 2 2.5] . 

d 

k1S1+註� IS令主� 9 

Fig. 2. AUIludc control systcm 

Con汀� ollawsderiv芭� dbvCDM. By usc of CDM，the 
aUItude conlrolJcrs. wIlh diffcrenl fcaturcs，for the 
controllcd-biasィ� nomcnlumsalcllilcs C叩� bcdcrivcd in 
a systcmatic manncr. From Fig. 2，thc charactcristic 
polynomial is obtaincd as 
P(s) = (12+ k2) S2 ゃ+ 1) S33S4 + (12S5 + 1 13 

Examination of c1ω001∞� p po1es will reveal thal，for 
lhc same Y j's. lhe configuration of lhe poles does not 

change; only lhe distances ωlhe origin charlge in Ihe 
same proporuon. 

Allhough all sysωms have sufficient stability and 
practically sufficienl robustness，lhe higher the gain 
klis. the sysoom is the more robuSl. However，lhe 

(2町� 
highcr gain system requires widcr誠� ndwid出，� ands + ko 1)+ (1 + k 

somec語� uLIonis n総総錨ry for the effect of noise. 
Thus lhesy蹴� mdesigner富鉱'c� requesled 10 select

duc to the istcrm in Fig. 2 10 lhc 1'γhe absence 0 

Zな� qui陀� mcnt山鉱山� croU lInglc crror mu事� tbc zcro for 
thc P惚詑�  nαofmomcntum disturbancc. 

propcr lc1to mcel to their s界� cificrequirements of 

robustncss and bandwidlh. 

In Eq. (20)，the p，江� amctcrklplays a vcry important 
c'omnarison of controllawsMany imeresting 

role. From Eqs. (2) und (7)， 
observations can be made by Lhe comparison of Tables 

a1 = 1 +主 I = <10 τ (21) 
1 and 2. First，slriking事� imilaritybctw関� nTer俗� aki's 

~ = I + 13=aO t 3/(Y2γ12) (22) control1aw and CDM low gain is nOLiced. A lLhough 

http:helpful.as


the総� systemsenjoy the narrowest bandwidth. these 
語� releast robust and become unstable for thc loop gain 
increase by factor of 2. They 叙苦~ stable for the gain 

decrease. In essence. CDM low gain"is nothing but a 
sophisucation of Ter部� akj'sconlt叫� law.in the scnse 

that shorter sculing lime and sm∞� lher response are 
realized even wi山� narrowerbandwidth and wi山� the
主泌� nedegrce of robuslness，as shown in Figs. 3 and 4. 

The second observation is that CDM mcdium寸ow 

gain 1∞ksωbe an improvement ovcr Dahl and 
Tsuchiya wi山� respeclloseuling umc. smOOlhncss of 

response. and robustncss. 

The third observation is that CDM standard is similar 

to ID control if thc gain ko is incrcascd by t.4t4 

times. Ifsuch increase of gain is madc. thc 
characleristic polynomials bccome almostlhc same. 

In olher words，IDControl can be interprelcd as CDM 

standard，where山� cgain ko is rcduccd 10 70 perc辛口� tin 

ordcr to altain bcttcr robustness at thc inc隙� seofl∞p 
g藷� in.Although the response of ID Control is more 

sluggish，the degradation at gain incrcase by factor of 

2 is very small. The comparison of lhe rcsponsc is 

shown in Fig. 5 and 6. Al1hough ID control is a 

simplificalion of skcwcd Icad whccl. it is morc closc 

Yj = [2.769 1.174 2.461 21.τ 5.333盟� 

Sj = ，� 0.2583ニ主� j0.232ゑ・1.9970. ・0.2434之� j0.9029 

2L詑鵠誌砂� 

. 0.46945 + 0.0875 
脂O(s)

(1.42官� 51令書� )(S1+1) 


Yj = [0.490 3.848 2.2521，� τ冨� 6.065
 

Sj =・ 0.2171土� j0.1690.・0.1328ニ!:j0.8896 

hl。韓3. 

O(s)出� 0.31252.0.416sア0.1似
 

(0.667s1+5)(51+ 1) 


Yj盟(1.531 1.641 3.350].τ= 5.615 

5j=・ 0.2771.・0.7307，幅� 0.2457之� j0.8424 


4.亙組以� m 
0(5) =Jl.4317520.37事65φ0.1472幽� 

(0.1185'+0.60551+5)(51+ 1) 


Yj [2.775 1.9亨3 1.550 2.5221，� τ= 4.215 
揖� 

j0.7689 2，己主0.335.，2.1535・1.8608.，側0.44245j詔・

5. Skewed lead whcel 
0.36365'+ 51+ 0.07272韮+� 0.20(5) = V.;?QaHi!5' 

(0.3る3652+5)(S2φ1)
 

Yj = [3.750 1.271 4.2191， 1:= 5.3呑4
 
，・2.7503，指・5i 0.2455， 0.3773土� j0.8200 

6.位三四臨i 
O(s) s2+O.Q72ηsそ� 0.2指� 

(0.363652+S)(52+ 1) 


Yj [2.017 1.733 4.2191.τ=5.3呑4
埠� 

to CDM Standard. 
 ，・711.3' 1.0.255= . 5j 0.5621之� j 1.121O 

Some calculation rcvcals that山� ccloscd loop polc 

configuratIon of CDM medium-Iow and low gain can 

nol be altaincd in LQG dcsign. if thc positivc 
dcfiniteness. or scmi-dcfinitcncss for thc weighl 
malrix oCstales i草� lObe observcd. IfLQG dcsign is 
to bc used 10 producc the鈎� mepolc conCigurnlion， 
one oCthe Collowing thrce mcthods (官 lCSCarc 
equivalent.)m藷ybe uscd. 

(1) Ch∞se an indcCinite wcight matrix for stalCs. 

(2)む� sepropcr cross product wcight of statcs and the 

plant inpul. 

(3) Put a propcr positive prc・fcedback10 thc syslem 

and apply the standard LQG. 

In any case，the dcsign bccomes vcry complic詰Icd. 

Experience shows山� atit is always possiblc to find 

bctter conlrollers by CDM. because of lhe Iimitations 
imposed on the standard LQG. namcly. the 卯� sItive
d己 f li~ωcncs50rsemi -dれir凶 総町 総 

of statcs‘ 

食� lble1 ComoarI宝� onof control laws 
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5. CONCLUSIONS 

The major resulls .o flhis papcr are as follows; 
(1) The hiSl.orical backgr.o und and lhc oullinc of 1he 
c∞� fficienl diagram method (CD附� arebricfly 
explained. The CDM is an algcbraic approach using 

only polynomials， where山巴� C∞� fficicmdiagram is 
ulilized as a vehicle 10 collcctively exprcss the 
importanl fcalures oflhe syslcm. and an improved 
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aCLUal.ors. AIAA pa拠� r83・2294.AIAA Guidance 
and C.ontrol Conference，Aug. 1ふ� 17，1983 

Graham，D. and R.仁 Lathrop (1 953). The synthesis 
.of"optimum" tr制� sientrcsponse: crileria and 
standard f.o rms. AlAA Tr側� sac山� ns，71，pl. 11， 
273-288 

Kessler，C. (1 960). Ein Beitrag zur Theorie 
mehrschleifiger Regelungen. Regelungslechnik， 8， 
8，� 261・� 166. 

Lebsock， K. A. (1 980). High pointing accuracy wilh 
a momentum bias auilude control syslem. AlAA 
J. Guidance andConlrol， 3， 3. 195-202. 

978). Some(1Sokolov 1. A. V. and N.，Lipalov

sufficiem condilions for stabilily and instability of 
conlinuous Ii near stali.onary systems. translated 
from AUlomalika iTelemekhani，知.滋.0.� 9. pp・� 30-

condilion of Li pmov constIl Ulc山� clhcorclical basis. 

(2) SySlematic dcsign is madc for lhe auiludc control 
ofcontrolledbias-momcmumsalcllilc by CDM，繍� 

whcre asinglc gain pummclcr klis varicd as誌� 

pa似� rnmel'鎗.er. II ぬisfound t滋IIめheτer.泌as 毒'sc.ont紅rol¥弘畠 w治ha 滋a主泌� i
cor将� .ontrolis勾pc均3お凶dおst，ぬ.0CDM Low Gain casc a部zおldID C
i怜a、wlぬoCDMSt鎗a滋おd叙dcasε.

h is also very impressivc lO nOle that TcrdSakicamc 
up 10 such a rcmar主ablccontrol law泌語ncarly stagc 

of the space dcvelopment and at thc time whcn 
anaJ ys泌総�  Iswcrc not widcly availablc as arc tαlay. 
The author expresses his sinccrc gmtitudc 10 aJ lspace 
pioneers like him. WithoUllhcir l.oil and insighl， lhc 
prescnt w.ork would nOl have bccn possiblc 
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