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l.. Introduetiene

    The behaviour of the feed-back physical system is determined by iÅís claarac-

teristic equation. In the preceding paper (1), the author has expressed the system with

the characteristic vector which is compo$ed of the coecacients of the characteristic

equation and shown that the stability region [g-ut, (/.i =O,1,2, ......,n) of the n-

dimensiona! system is related NNrith the stability regioit [gZ,"-2], (v = O, 1, 2, ......, n-E-2)

of the (n-2)-dimensional vector, as fo11ows:

                  8e "// A ,• f'g"e '/1
                 lllii,i 111i =: 1111 9--•e•ii.l••ii.E, i.L lrli 11iim, lilli•

                 l#n ' i• "r B l' IO j

where l9 >' O, 7">G.
And it has also been shown that the stabiiity cri'teria are introduced by ptiti;ing

i9 =: O in the stable vectors, but no detailed descriptions about the construct'ion of the

stability criteria and the stability regions have been presented there.

    In this paper, the geometrical properties and the constructions of the stability

criteria and the stability regions are discussed. Further, the stabilizations by multiple

ieed-back are discussed and the theoretical results are ascertainect by experiments.

2•• [efnrii, gl;]-stability criterioR

    From (21) oi bR6 in the preceding paper (1) (we shall denote it wi'th (I. 6. 20 and

ttse such notations in the following), the hypersurface of critical stabi}ity of an m-
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dimensional vector is given by the fellowing equations:

                     }k-' .-.in I'1.S. :: ,3 I ]':ir::: ICg,f:I[ I IIIIIIi) '(i)

By fixiRg en-2, 6n-3, ..., 6i, g"o at constant values in (l), the line oÅí critical stability,

i.e., [en-i, en]-curve of stability criterion is obtained.

    This curve can be drawn both from [4n-3, enun2]-curve of stability criterion of

the (n-2)-dimensional vector and from [c.-2, c.",]-curve of stability criterion of

the (n-1)-dimensional vector.

i) Just as (1) has been derived, the hypersurface of cyiÅíical stability of the (n-2)-

dimensional vector is derived:

                                                               e                    l:I; .i;- ,1'E.nJ: : I'1,2g#I,7 II i'l f.'}:,g I IIII:r) (2)

By fixing 4n-4, Ce;.s, ..., ce at constant values

                    Cn-•t :en-o Cn-s :ge2-s, •••, Ce =So (3)

in (2), [CnH3, gn-2]=curve of stability cyiterion is obtained, and from (1), (2) and

(3), we derive

                            i:"gww;,(g•r,I::1:;ll] (4-)

    Since, in (4), (en-3, en-2) is a given point of the physical system and (Cn.-3,

Cn-2) is a varying point with 7' on the curve of stability criteyion of the (n-2)-

dimensional vector, [6n-i, 6n]-curve of stability criterion of the n-dimensional vecter

is simply obtained vectorially from the [c.-3, q.-,]-curve of stability criterion of

the (n-2)-dimensional vector by use of                                                         g.
(4) as shown in Fig. 1, in whick

07= 4,ts',3fi,:.,n.ff:]:.S,e,2`,i,On.?fg,h,.2,,(gZ,-,2,).[ In-2 • X.,.,

                                                                   chit rio

i•

bility (variable),

[en-3, g"n-2]: section ef the fixed

n-dimensional vector,

               .[g"n-i, gla] == 'l'J]'Q: section of the

m-dimensional vector of critical

stabi}ity (variable with PQ).
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ii) The equation oÅí the hypersurface of critical stability of

vector is given by

• g:::;'g:I:::in.I::::::::]
Fixing C,e.a3, Cn-,i, ..., co at constant values

                     Cn-3 == 6n-3, Cn-4 -- en-4} ..., g"o = g"e

in (5) and combining with (1), we get

                           ;":-i :pm=. Sr"(l;:, - q.-2) , ]

where (Cn-e, qn-2) is a variable point on the line of critical

c!imensional vector, and en"2 is a given
                                            gn
component of the n-dimensiQnal vector.

    By (6), the [g".um,, 6.]-curve of criti-

cai stability ef the n-dimensional vector
                                                    '
can be graphically obtained as shown in

Fig. 2, in which

P: moving point on the curve of stability
o

the (n-l)-

stability
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dimensiona}

      (5)

of the

   criterion of the (n-1)-dimensional

   vector,

S: fixed point (en-2, O),

   -- ->   OX =SQ = 6esffi -ww qn-i}

   -> -->   XLI? = 7"QP: 6n :r(6n-2 ww Cn-2),

   and the locus of the point R is the
   [gi n-i, g"n]-curve of critical stability of

   the n-dimenslonal vector.

iii) As stated above, each line of critical

successively derived from either of the liRes

dimensional vectors shown in Fig. 3.
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    As stated in tl}e preeeding paper, the stability region can exist only on the riglit

side of the curve of stabi!ity criterion thus obtained. In Fig. 4 are showrn the

curves of stability criteriok of vectors of different dimensions whick are obtained

successive}y as wel! as the stability regions.

                                                               n=5           n=3                                g4 n=4                                                       gs      gs b
                                                          (tinskble) s                                  ("nstecbte)•       ((-Lnsfatb{e} .          ,,i,,bet<J,'<LXs'VKt'IVi'"bt,) l. (s:':t(,)SXtt"r'"Lc,6-,t.i s"4/IN"bjs'Xt::".bL.)
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(n-2)-dimensional vector

where y= O, 1, 2, 3,

This is the case of n

simiiar manner.

    Therefore, if we

stability of g"'-vector
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       vector [6'] of critical st'ability

 [c'] by the fellowing equations:
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4•. [gAtr, gAr+i]-stabilky criterion

    We assume that the components of the n-dimensiona} characteristie vecter [te]

are 'fixed at constants, excepting 8T and g"r+i,and resoive this vector into the follovtring

two vectors, of which one is (r-E-2>-dimensional and the other, (n-r)-dimensionai :
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where g"r', 6r's.i, er" and g'."+i are variables.

    The stability region of the n-dimensional

(n-2)-dimensiona! stable vector [c], taking

(I. 5. 14') as folrows:

characteristic vector is
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On the other hand, the stable vectors Of [At] and [A"] are given by
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                     (41r, "•,t {.'ll.

                     i{l, l l3 1
                     I ll:                     ig, i l'rB''••
                     E l. =" l ril' 'x li'i

                     ls.• [ I '•"B
                     i, 6rlij l "'r

cftnd

                     (Elr." 'i ri i
                           }   , e.Z-'-il                                Bi                           i' •' l
                      f.rÅÄil ir B.'t•. I.

                      I I : r.. '••. t.
                      g;n-i l'i i '". '3i
                           /•l                           /-                           II• t                      #e} i l• 7' i]

From the relation:                                            gr+t

     $r 'l l'Sr' '4/ rer" '//    [6rT}-i •j wwma li. g".'., .lil " (/ e,f., ,l'' (iiC)

if [#'] and [$"] are stable, [6] is stable•

    Consequently, by adding two stable
vectors [6'] and [g"i'] with reference to the

same values of B and 'r en the (&, g"r+i)-

plane, the stability region of [6] and the

stability criterion is obtained as shown in o

Fig. 6.
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and

                        [l:i2,1- t' Pr gl•E,Åéil'il• (i2b)

                             ? <o o rJ tg.H,J                        <q"-n

    Then (12b) gives the surface of critical stability when g". (y = O, 1, 2, 3, ...,

n-3), are fitxed at constant values. When g"w (y= O, 1, 2, 3, ..., n-3), are fixed at

constant values, C., (y == O, 1, 2, 3, ..., n-3), are obtained as functions of 7' only from

(12a), and the vector of criticai stability (12b) has its components gfin-2, 8e} as

functions of ?' and qn.-2, and component 6n-i as a function of 7' only.

    Accordingly, the vector of critical stability (l2b) lies on the plane paralle! to
c".n-2- and 6e"axes, having the gradient of tan-'r against e,,-2-axis, and as 6zz-i

depends only on the frequency, Åíhe oscillating frequency of the system will be de-
termined by gfteb-i•

    If we assume Cn-2=:O, equatio'n (l2b) becomes:

                          [- l:--i j, =(r, g.v (i:Il 1i• (i3)

which is the [#n-2, g",,Hi]-stability crkerion of the (7z-1)-dimensienal vector.

6• [6r, 6rÅÄ2]- aitd [8n-2, g"n]- stability criteria

    As (I.6. 19) in bR6 of Part I, the vector of critical stability is resolved into two

vectors, oÅí wliticb one is a vector which has all zero components in reference to the

odd-number-axes, and the other is a vector which has all zero components referring

to the even-number-axes.
    Eliminating C2v and C2,-.i from the two equations of (l.6.19) respectively, we obta. in

                                     gn"(2'J:i)o :: O'l (14)

                                              gf.L

                          X.rm-,i (- l) vrv pt

                           sJ
                           M. i (- 1)VrV6n-2v
                           v

Now, if we fix all the compoRents excepting
g" r and {?r,+2 vgrhich are obtained only in

one of (14), for instance the latter, the valttes

of "/ wil} be determined from the other
equation (in this case the former) of (14),

whlch does not cQntain S•r and 6tt.t2. For each

determined value of "X, the latter equation

of (14) represents a straight line on (g"r,

$r+2)-plane, and the set oi these straight

lines cletermirie the stability criterion as

sliown in Fig. 7.
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    The latter equation of (14) is expressed for one determined value ?'A, as follows :

                              q"- r+2 : ?'A(g"r- XA) ,

where

                  XA = 7')L {`>:-IJI'li,( ww 7'x)S4-i$r-2ii m}- li:Si."tl(- 7')L)-'-i$rÅÄ2v }, '

With (1: fi.?.!2-,,,, f?g,eg,e: ;; [:. 'LIIZI 11Il IZI,2nd.,,' iO.II gV,Zii,,IZ'

    Piitting especially r -rm- -n-2, we obtain [g".-2, 6.]--stability criterion as follows:

                             gSeb = ?'K(6ei-2ww l:K) ,

xirhere '
                               p                         xK -ww XAt i (-Il.)tw+i?'Apt#ei-2(ge-t-i) ,

                             P=1

Nvlth 2. =:1, 2, .,., p-i-1
and (;.zum EIi-wwgils' igi gv,'ww'•

7. Compositien of stability eri'teria

    Let [g",'], (v == O, 1, 2, 3, ...,n), denote an n-diinensional stable vector and [8M'],

(Lt =O, .1,2, ..., m), an 2n-diinensional stable vector. When all components of these

vectors excepting e.'wwa, g".', g"o" and 6i" are fixed at constant values, [enHi, gSn]-stability

region of the (n+m-1)-dimensional c'flaracteristic vectoy [4,], (y = O, 1, 2, 3, ...,

n+m-1), is obtained as follows.

    By the methods in bR 2 and bR 3, the [g.ti, 6.']-stability region of the [g",']-vector

aRd [g"o", 6e"]-stability region of the [6pt'i]-vector are readily obt'ainecl, and cor-

responcling stable vectors are expressed as (15 a, b) and (l6 a, b) respectively :

                  /l g"o' ') 1 ). c`.'o' ')
                  I• git' I• liBi I' c,'i
                  l'i2' ',., 'i ?' 9. En... 11i.' i,2' , (isa)

                  l. .. F.                 I/ i•,,",i , r•illll•II:II4•.... 11, i•,i",

                 1' 6n'-2' ' 7' B IJ xCfeL2•

                         /1(' l+;:L,i 11 =: li '6 S•11 /1:12r '11•• (irJ b)
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' [i:11]Hww11:119.)'iiliClll]' (i6a'

                ig'11Hii"EII•+•,.. '//,/ g:Jh

                f".,,S illllllllllll-ru il.i2" . (i6b)

                 ;/ E l '•. ...Bn rtt l, l

                #"1'-i l 1 B'!l qnl'i
                         l•                                               l                         E                g"."! [•. 1.i' c"..'-i.
   From (15a, b) and (16a, b), the (n-Fm-l)-dimensienal stable vector [6.],

(a =: O, 1, 2, ..., n+m-1), is obtained as follows: .

           $. :6.' (a -ww O, 1, 2, ..., n-2),

            c"-n-i :6n:i -F eo'!,

            g""; = 6.i + &,,,

            $. : 4ff'ln+i (a =: n- 1, n- 2, n- 3, ..., n+m- 1) .

When the cornponents S.(a :O, 1, 2, ...,nA-m-1) in the above equations are fixed

at censtant values, the stability region of the (m-t-n-1)-dimensional characteristic

vector is given by

                                                       l Cn'-3 )
                                                       I
            [/1.:il=:: [,CiiNllo,11l-- //.'6 9. Ell O,.Ii// Ii:Z

                                                       !i                                                       l, q." .j

                                         l' Cn-3 ';
                          rr B i o} k,,-, /1i

                        =I' l'I i,                          i.O ?' B1] ICeuii '
                                         II -                                         i. el;73 '

"ihere i
                    Cn -3 = Cee'-3 , qn-i = qo"lr , B" pm- Blr ,

                    Cn-2 :q.'um2, 4es =:ql"lr, rt! =i!?..

Putting B =: O in these equations, the stability cyiterion of the (m-yn-1)-dimensional

characteristic vector will be obtained.

    For example, we shall show the composition of the stability criterion of the 5-

dirnensional vecter from the two $tability criteria of 3-dimensional vectors [g':'] and [g""].



                        FEEDBACI< PHYSICAL SYSTEM (II) 195

if  t;O,1 -[pmII ge,1 -:- .f: ] : ( fi.'g,etd.,COr-V]p: "e"ts of the s-dimensional

                         ]: (5i•R15f,31.]ilZIal]en.y,ci}e]iion of the 3-           g"2t == ?'Ce'

           gp,' = r(l;,'

           g"o'! :qe Ii           gfii":=qillf; ] : ( 5f•Xk'.g",i.8'l,S;a.b,tli,t; [c}li]eiion of the 3-

           //:III.li glll '111 3;l ] : [ %2tdorce[m$.]p?nents of the s-dimensionai

the [82, g"3]-stabillty criterion of the 5-(limeiisional characteristic vector caR be

obtained by the following equations, as shown graphlcally in Fig. 8,

                          {?2 : 41'a' '}- 6to" imww ?'C;g' + (;o!!!?' ,

                          g"3 =: g"3' + gAi" = ?'Ci' -tnd Ci"/;' ,

where all the components of the 5-dimensional characteristic vector [g"] excepting 62

and e3, are fixed at constant valges.
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8. r-scale en the ]ine of cyitgeal stabi}ity

    In oyder to construct the stability criterion of higher dimensions from those of

lower dimensions, it is necessary to scale the value of r as a function of frequency

on the !ine of cri.tical sVability. In the following, some properties of 7-sccftle is

described.

    As stated in bg7 of the preceding paper, in order that the feed-back physical system

may be stable, it is necessary that both equations of tlne hypersurface of critica}

stability have a!1 rea! roots of ?'.

    At one point of r-scale, the characteristic equation has the factor (P2-{-r), and

has the roots ftA/r 7;". Consc-quentiy, the oscilicating frequency of the system is

given by:

                                 W :1/-7'. '
    The [6o, 8i]-line of criticai stability has the scale of ?"' :1!r instea(1 ef ?', and

in this case, the oscillating frequency is given by

                                  (o :111/"?u/i.

    In thecase of the normalizecl characteristic vector, g./ :SY(6i)', Cy =1, 2, ..., fz),

the characteristic equation hftLs the factor {(g,p)2-1-rl•. So the oscillating frequency

is given by

                                cti ::: ]/hn'i"!g"i•

9. . Stabilizatiem by mugtiple feed-back

    The additional feed-back is often used for stabilizin, g the feed-back physical system

as shown ln Fig. 9, in wkich the output signal of Z, is fed back to the lnput of Zr

through the feed-back element Zrs.

-K, [ZkZ}      Kr
---- •oo-" va   Ks

..---l- Zs

Zrs

  Kn'
----" Zn

-

The characteristic matrix of this

     Fig.

svstem ls sa

9.

nevig follows : -•



   By
terlstlc

where
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                        rZ, K, //,
                         -K, Z., I•

                 [z]: -Kr qti Zrs , (i7)
        " ''l                                 ..I                                 :'Ks"z,g I'

                                    •. : I                        , ••l                        1 ..L                        11• :'K. "Z. 'j

             '
 expanding the determinant of (17) with respect to the r-th row, the charac-

 equation of the system is expressed in the following form:

                   l[zlll =t[zll,]+l[zlliI :O,

[Z]o : the characteristic matrix of the system without any additional feed-back,

[Z]i: the feed-back matrix which is preGuced by substituting Zrg for the

      (r, s)-element and making zero all other elements of the r-th row in

      [Z]i, so that l[Z]il is the co-factor of Z,s of l[Z]I mukiplied by

      Zrg, namely :

           }- f' Z, K, >,
                                              l                          -K, Z, i
                             -t--- ----- l
                 [z],= imiiglT Z[T l,
                                 i. '•.. I
                                              p                                 ww)ll<s Zs l
                        l 4- --                        l •. •.
                        k :Kes 'Zes

aRd

    Accordingly, the

back ls

[zk pmwy

change in

fZ, K,>                      1//  -K? 4? l
I '"••. I
l 9. Q. Zirs l•.
I :•. iu l
li -K.f. "21f. 11

t •" t. Ik ntKn Zn "'
the characteristic equation by the a dditional feed-
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                            3/k..i,.. il Kii

                               :kr-i '2rHi i '
       i[z],ipm-<-i)r""szrJ"t'"'":tl'i'liiliit;lll/I"K'gg, z,-,.,' 11/

                                                     l'i -Ke+2 Zs+2 i

                                                         "Lt' ;' 'lnil'

             = (- 1) r+ SZ,s Zl2""''Zr-'i ( ww l) eHrKr"iKr -i-2'""'Ks Zs +ls ÅÄ2"'"'Zn

             = <Kr-iKr+2"""Ks) (ZiZ2'""'Zlr-iZls+i"""Zn)Zrs• (18)

    Thus, the change of the characteristic vector due to the additionai feed-back
depends on al! other elements and conneetion coeffcients oÅí the system excepting Zr,

ZrÅÄi, -i•, Zg, Ki, K2, •••, Kr and Kg+i, ..., Kn. This change is called the feed-back

vector and is easily obtained from l[Z]rl.

    The stabilization by an additional feed-back is actually perfermed by feeding
back the time rate of change of the manipulator output to the detector input, as

shown in Fig. 10.

                                     [z],

ControttedEtenent

AdditienatFeea'B`x.ckCtrcutt

J

ManLpttL"tbr,Zn Deteetor,ZJzZxi

---t-----Zn-•t Z,

The feed-back matrix of the

[Z]i

jgy'innWohssamteyss

  3  q  ?

x
  -g

 1 "k
'Z  .

'
.

Jl
i<}`

 ww-=

  Fig. 10.

as shown in Fig.  10,

 o
Z2,n

Z71

ybllevigs

,
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and since Z2,n :xP =xd!dt, the determinant of this matrix becomes:

     • l[zi]1-nv K3K, ••-- K.xpZi,
where x is a proportional constant calied the feed-back coethcient. In the case of

Zi =: LiP-YRi, it becomes:

                         l[Z]il = Kx(L,p2 -t- R,P) ,

wl}ere K = K3 K4 ••••t• Kn .

    Thus, the feed-back vector is obtained as foi}ows :

                      4, :O, (y == O, 1, 2, ..., n- 3, n) l

                         [2n.I2, ),=: Kx(RLi, li•• l

    Therefore, the characteristic vector is changed in two cornponents only, by the

additional ieed-back e}ement connected, that is :

                             t•t                        l-1. f•:Ii1 = (g:Ii j,+ Kx(.Ll ji•

    Thus, the magnitude 6f the 'feed-back vecter is proportional to thls feed-back

coeMcient .x, and its direction is determined by the time constant T=LilRi of the

element Zi =LiP+Ri, independent of x, as shown in Fig. 11, in vvrhich

O-P' :[6,]e:characteristic vector wi'thout

            any additional feed-back, gn-i

->PQ =[4,k: feed-back vector,

tan0 = 11 Ti,

Ti-wwLi!Ri:time constant of the con-

            troiled element.

    As will be seen from Fig. 11, the charac-
              m>teristic vector OP of the control system

which is unstable without an additional

feed-back, can be changed to the stable
       ->vector OQ by adjusting the feed-back
coeMcient x.

10. Improvement of characteristics by

    The additionai feed-forward which is

Zsr, the output signal of Z. is fed to the

          P

e

(S tabLe)

      Q

     .

( Unstubte)

v

e

aR additional

performed such

  input of Zs

   Fig. 11.

feed-forward

 that through

as shown in

 the

Fig.

g r.-l

element

12, has



,

t

2eo I<, TASHIRO

K [zzl-!k.w-K.r
T

Z Kv, Zr+J ZS-i
sk

2ilsr

s
Z Kpt

l

                                  Fig. 12.

similar effects to the addkional feed-bac}< and is

the response oÅí the control system.

    The chayacteristic matrix oÅí this system is

[Z] =

    So, the characteristic equation

                         I[Z]i

where [Z]e is the characteristic

[Z]n is the feed-forward matrix,

eiement, and making zero all other

    Thus, we have:

l[Z]riI= (-1)r"'SZ,,,

= K'Zs,r<Zr"i Zlr i- 2

used to improve

              given by

 Z, K,-K, Z,

    --     Kr Zr

     ZsrLKs 'Zs

           --           --           --            --
           -Kn-i Zn-i
               nvKn Zpt

  becomes :

  :l[Z]ol -i-l[Z liil :O,

matrix of the system

 which is produced
   elements ef the s-Åíh

the stability and

                  ' without any feed-forward, and
by substituting Zs. for the (s, r)

   row in [Z]o.

-K, Z,
   --
    --   maKpt-i Zr-i

          -Kr
                  Zr+1

                ewKr-i-2 Zr+2
                   --                    --
                    -Ks-i Zs-i

                         im Ks -n Zs +i

                             -Kn Zn

"'"' ZS-i),

1

1

'



                                                          ix-OP: characteristic vector without afiy addi" (Unstabte)

     tiona} feed-forward, '" o • •. gn-2
"HP(?' : feed-forward vector, and talte .-m. 11T,. Fig• 13•

11. Experimental confirmation

i) Experimental apparatus

    ln order to confirm experimentally the author's stability criteria of the feed-back

pbysical system, the stab•ilizing experiments of the speed control of a D.C. shunÅí

motor by means of an additional feed-back (antihunting device) have been carried out.

    The ex.perimental apparatus consists of Ward-Leonard system with feed-back

elements, whose connection diagrarn and elements are giveR in Fig. !4, and Table I,

respectively.

    The speed of the D.C. shunt motor in Ward-Leonard system, that is, the con-

tro!led variable, should be kept constant by means of the feed-back, whose mechanism

is as follows. First, the motor speed is detected by a tachorr}eter generator as a speed

voltage, which passing throttgh a ftlter ls compared with the set value of the speed

voitage and difference voltage, after amplified l4eO times as large, is converted into a

shiÅít angle of phase by a phase shifter, and deformed into a peak voltage throttgh the

peak-generating device, and this phase shift of peak voltage, impressed on the grids

of two thyratrons, controls their ignitioR angles, an(l their output current excites the

                      FEED-BACK PHYSiCAL SYSTEM (Il) 201

where K' :KiK2••••"KrKs+i''"''Kn•

    Hence, the change of the characteristic vecter due to an additional feed-forward

depends upon Zr"a, Zr"2, ..., Zs.i, Zg,r and Ki, K2, ..., Kr, Ks+i, •••, Kn• ThiS

change is called the "feed-forvv'ard vector".-

    lf the time rate of change of the output of Z,-i is fed ferward to the input of

Zr+i, as it is often used, the feedi-forward vector is given by:

   '                            (f•:-..i) -in K'x [ft:),

    'where Zri'L'LrP+Jl?r• ' '
    Thus, quite simi}arly to the case oÅí the additional feed-back, the stabilizatioB of

the system is performed and the magni-                                           gn-,
tude of the feed-ferward vector varies
                                                        (Srecbte)
with the feed-forward coeMcient x, and .
the direction is determined by the time                                                             Q
constant Tr=:L,11?pt of the element Zr, as

shown in Fig. 13, in which                                              p --- -e...-
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  Table I

Department
      iSymbo}

 v

Control}ed
  system

L..'

               Element
     .t.ttt.ttt.ttt..t.tt.ttt.t.tt.t..t..t t .t t ..... t..t .t ..t...-.t.t.t..ttttt.tt.ttt...ttt..tt.

3 phase induction in.otor for prime mover

Wayd-Leonard D.C. generatQr

Controlled D.C. shunt rnotor

D. C. generator for load

Tetal resistance of armature circuit oÅí
  Leonard {gMeOnteOiator

Resistance load (larnp bank)

f

Rating
'i'

I 3HP, 1430rpm, 110V

2kW, 1500rpm, 110V

lkvvT, 2soorpm, losv

lkW, 1500rpm, 105V

   '

    '

Detecting
  device

I

T

i"'

Amplifier

1

I
E

Tachometer generator

Armature resistance of tachometer generator

Internal resistance ef voltmeter

Resistance of choking coil

Inductance of choking coil

Conden$er

Resistance

i

1000 rpm, 6V, 3 mA

100 .9

2k.O.

2.5 k.O.

30 I{

3.5 iiF

30 k.O.

i

t

                                        i
First step amplifier tybe UZ-6C6 i/ pt--1500, rp =1.5M.O.
                                        iGlow tube for stabilizing voltage l VRA 135V/60mA
                                         I
GIow tube for stabilizing voltage l VRA 65V/80mA
                                         l
                                         /Re$istaRce load of the lst stepamplifier tube l 100k.O-

                                        'Condenser i• 2.46"F                                        i                                        lSecond step amplifier tube UY-76 l st==13.8, rp =9.5k.O.
                                         L                                         IGIow tube fer stabilizing voltage I VRA 150V/30mA
                                         i                                         EResistance load of the 2nd step amp. tube •I 30k-O•
                                         I

Phase
shifter

l

k/,

E

                                         I•Vacuum tube for variable resistance of I' UX-2A3

 phase shifter i'
Cendenser (phase shifting circuit) I' O,76"F

Resistance for phase adjusting i- 3.6k9 "
                                         1/                                         1

Peak
ratlng

gene-
device

Manipuator
'

X3

    t/ tt
Th I
    i

Vacuum tube for peak generator

Resistance load ef peak generating tubes

Grid glow mercury tube TX-920

24-ZU

''L''''

il 2oov, 2.sA e,e.adk isA

/
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field of the Warc!-Leonayd generator se that the motor speed is kept constft(nt.

    Since the deviation of the motor speed is very small, the systern ma, y be as$tmied

to be !inear, and on this assumption the calcwiation has been per'formed.

ii) Characteri$tic impedance of each element

  a) Controlled sptstem

    The controlled system consists of a set of Ward-Leonard system with loads acnd

a tachometer generator as shown in Fig. 15, and the input signa} is the deviation in

the field current of Leonard-generator dlr, while the output signal is the deviation

in the generated voltage of 'tachometer dYs.

    If the deviation of field current tiJr is small, it may be assumed to be proportional

te the change of generated voltage dEg of the generator G, that is,

           ' AEg=KrAlr. (see Fig. 16)

'

f

oli

g:1

z:
o6.

ilii

e

s
Cl

f
e

e

iI

e

e

e

a

O

No load saturation curve
o'f Leonar(1 generator

C;

     L-.-"rm-..-m6

    '
r;z : Iq3orpra

 Eg
  s

const,

O.t O.Z O,3 O,4 O$ O.6 O.7 O.8 O,9 :.O rt,i f.2 L3 1.4

                  - If (A)
               Fig. 16. '
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                                 t    'Il"lie deviatiQ!} of !notor speed Ae, which is induced from the voltage deviation

-:IEa, i$ given by the foilowing equation:

                         ,                    fdddte ÅÄ(f+ fiRti.2 + tt2,2)dti =f-Sa dEg)

where Ki , K2 are torque coeracient and induced emf coefficient of•motor and generator,

because the motor and the generator are of the same structure.
                         .    As the speed of motor bl is proportionai to the induced emf Ys of the tachometer
                    .generator T, that is, e== KTVs,hence, if the input signal is the field current divi-

action dlf of Leonafd-generator and the output signal is the deviation of speed emf

dYs, the performance equation of controlled system is

                          ft aAdVtp net- fidvs = dfr ,

where
                            -Kr Ra                         f' -- rtY ' ff, 1,

                         ,i=Åí.//.5g(f.K.i:.ii/e'),

with  (;l ,M,:•,\l,Z".` 8,f,ki"8 ,tk g,f .me.Igi y.l•I: l2`ggs,]

    Thus, the iinpedance of controlled system is given by '

                               Z, =Jip+fi. .
The measured values ef f' and f' are as fol}ews (see Fig. 17).

    Loads
'ww"-- fi'o' 'I'6ad

    l load
    2 Ieads

Time constant i. tf
'I-'

O.258

O.228

O.203

i O.0445

O.0438

O.0440

f'

l
O.172

O.192

O.227

  b) Detecter zuith filter

    The detecting device is a tachometer generator with rkter, which converts the

speed signal into the voltage $ignal. However, as the performance equation of
               ,detector, that is e = KmVs, has been contalned ln the performance equation of con-

trolled system, it is sufficient here to con-

sider the performance of the filter only.

The filter is illustrated in Fig. i8, in which

rT:armature resistance of tachorp.eter
    '    generator (leO Åí),

1?y : internal resistance of veltmetex (2K9),

vs

-iM T

Rv

M)Lt

Cl -.-. R,

t
eg,

`

Fig. 28.
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ri, Li: resistance and inductance of'choking coil (1.5K9, 30H),

Ci : condenser (3.5 paF),

Ri :resistance (30K9). '
    Tlie performance equation of this filter is

              fe, vs == L,c, 4-d2 //,g2• + (k- -l + c,r, ) Etedt-at-! + (ilii, + i) eai ,

where fei= Rpl(rT-yR7) =2/(2-t-O.1) =:O.95.

    Hence, the perforrr}ance relation between the input signal dVs and

signal deai of detector is expressed as fellows:

                      fi
               IeiAVs '-w: {LiCip2 + (Li-i +Ciri)P+ (Ziil -i- 1)} degi,

O1'

              e.95 d V, = (1.05 Å~ IO ww `P2 "6.25 Å~ 10-3P + 1.05) de,i .

  c) AmPlifier

    Fig. 19 shows the actual circult oÅí the two stage amplifier.

            t

the

207

output

-- :::

 3egA
z

c

R.

,

IR

zXiA

 R2:
 R,:
R2' :

R3';

R.g2:

R-d3 :

 C2:
degi:

deg2:

riee3:

  p:
rp2 :

R.n:
 -

Alig,

 "

----

 ven vesTlso v,c /bS6o

- aooV S           +

load resistance
load resistance

variable

variable
resistance
resistance
condenser
deviation of
deviation of

amplification
internal

5R

5R

i','ise

,uA

R.A3

jegA l

                                  "

             of uz-6c6 (leoK.o.),
             of UY-76 (30 K.O. ),
       resistance (500 K.?),
       resistance (35e K.O. ),
         (500 K.O. ),

         (2so K.o. ),
         (2.45 tiF),
           input signal voltage in the lst stage,
           input signal voltage in the 2nd stage,
deviation of output signal veltage in the amplifier,
           constant of UZ-6C6,
       resistance of UZ-6C6,
resultant resistance of parallel connection of R2 and the anode part of R:,'.

                   Fig. 19,
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    The actual clrcuit of the first Stage fp, .
of the ampl!ger is equivalent to the

                                                                    tl                                         '`Zigili'IL---- CTR] Aeg2simple circuit as shown in Fig. 20, for

small deviation of input signal voltage.

Thus, we have Fig. 20.
                        - ptileai = {C2rpaP+ (1+ ]l-?-r--:,2, )} Aea2 ,

or

        • m1260 degi= (3.7P+18•7) dea2•                                                              (see Fig. 21)

The performance of the second stage is expressed by s

                                 K3'dea2 == deg3. (see Fig. 22)

    As K3' : -ll is obtained by experiment, the performance equatien of the whole

set of amplifier is obtained as follows: .

                      -/itieai = CC2rp2P+(1-l-fit,'/Z'7')]i?''s'> ldea3•

  (l) A4aniPttlator tvitlz Phase shifter

    The manipulator consists of three parts, i.e., phase shifter, impulse generator

and thyratyon circu!t. rhe input signal, that is, the output' volt'age devia'tion of

amplifier, is converted into the shift angle of phase by phase shifter, and is deformed

by impulse generator into the phase shift of peal< voltage, which is impressed on

the grids of thyratrons, and the output' current of the thyratrons contfols the field of
                                                             '
Leonard-g. enerator, as shown in Fig. 23. •
                                                           '

                                                '                                           p,e AC g
                   Ae

                                  UZ-S i
                                                       '                                     ---t        vx"A3 3.6K. ginY'ij' --::': "sx-gzo Tx-gto vrft

e93

O, 7S

(Phase shifter)

    uz-       -:-s-
       - :--"
        •--- 3e, l'iL.

(Impulse generator)

      Fig. 23.

            r""
 J' .

     :i'i

(Thyratron circuit>

t
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i
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    The performance characteristics of manipulator have been obtained as fellows by

escillegraphical measurements. The timae co"stants ef phase shifter and impulse

generator are estimated to be negligibly small both by measurements and by calcu-

lation (ca. e.811eOOsec) from the interiaal resistance of UX-2A3 (O.8K2) and the

capacity of condenser C3C2 !.eF). Thus, the time constant of the whole set depends

only upon that of the field winding of Leoitard-generator, and is obtained experi-

mentally. Then, the values of constants r/ and Lr' are calculated from eg3'vlr

characteristics at operating conditions .and the measured time constant T=:O.155sec

of the field winding as follows:

              rr' =r- (g-f;3-),.o.>Jf>,,... = 24.5, Lfi = 24.5xO.lss =3.s .

Accordingly, the performance equation of the who}e set of manipulator is given by

                Adea3= K3deg2 -- (L/P+rr')dfr, (see Fig. 24)

and Ka == -K3'= li.
Thus, Z:nd-.= Lr'P-{-rr' :3.8Prv[-24.5.

iii) Characteristic vector

    The block diagram oE this automatic control system is obtained from the above-

mentioned impedance$ of all elements as foilows :

J'P +J'

L3 p -,- rf' L, c, p2+(k, +c xt)p -- (ili, +i)

Hence, the characteristic matrix

          ;, ftpa-fi
          i
          li -K, L,C,p2-l-(

   [z] =

It give$ the characteristic equation

O1-

(ftp -{- f'){LiC,p2 -{- (4i i -i- C,ri) P -i- (

CitPZP+(,"S'it)

         Fig.

' of this

lil'i'l -i" cir, ) p -i-

    - K,

  - of the

       I[Z]I

      rl ,
     l21il T

   25.

control

    (     rl
     R"'1

system is

 + 1)

   C,rp,p +(1 + fte/',-,)

                 "
          - K,

$ystem as:

im- o,

1)}{C 2rp2P + (

1

Lf'P+rr •

i + li3'ii- )}( Lf'p -i- r/)

.

#

+ K, K,K, = e.
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Arranging the equation in descending powers of P, we get

                    a,p5+aiP't+a2P3-Ya3ib2+a4P-Fas = O. .

   If the characteristic vector [apt/ae], (12=:1, 2, 3, 4, 5) is transformecl by

' ' gA2v =thit!v/(:i)V,
                                                  (y :O, i, 2)
                             #2.+i = g-2zij,-Fl/(tllg,)V ,

the Åíollowing components of the normalized characteristic vector are obtained:

                          6o =1, & =1, 42 =1,

        . ' 63:Zgl(22s)•8,i=:[.lili/(2:)2,6r.=[;i5,/(Z2s)2.

   ]?utting nttmerical values of physlcal constants at different states of loacd, we

obtain :

                                                                  '                                  '
  a) No load:
    The characteristic equation is given by
                                          '
     6.24 Å~ 10-S pS -i- 4.933 Å~10-3 p4 -F 7.09 Å~ 10-i P3 {- 10.38 P2 -l- 51.0 1) -l-13483 ::= O,

and the characteristic vector has the components:

                    l. 10.38 Å~ 6.54                                     Å~10--i :O.203,                    l g3 = 4I.!g33 Å~ 7.e9
                    l'
                    •i', g4 =gl6g : gi5o.4g- Å~2o-3 == o.oo663,

                    11
                    l. $,, = ili:lig-gg xiggli.l Å~io-s == o.o232 .

  b) One load:
    The characteristlc equatlon is

     '      6.44 Å~ 10-5 1()5+4.9 Å~10-3 p4 -{- 7.11 Å~10-i p3 +le.58 p2 -F 54.05 P -l- i3492 = e ,

and the characteristic vector has the components:

             'l'l:-i'•i./li-Ili8/si,:llii'l,g,Ii./itw,• t

                      H
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  c) Two loads:

   The characteristic equation is

      6.48Å~ 20-S p5 H- 4.95 Å~ 10 me3 p4 -t- 7.i7 Å~ 10-i p3 a- 11.0 7>2 -- 58,6 p -r- i3504 =: O,

ancl the characteristic vector has the components:

                    i';lil:'l•i,9,6.l.,i,liil.Ii,:Il:gl::9,5l

                    l g", := l-345-Ig--g--:-' 9-:-4i?-l- Å~ie'o' == o.o.g.2s .

   From the above-inentiofied calculations, we get the Åíollowlng table

chftc racteristic vector components :

of
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the

States of
  load

no load

1 load

2 loads

3g 4
e

I 5
E

i
l Stability

O.2030

O.1955

O.2005

o.oe663

O.O0683

O.O0740
1

o.e23.o

O.e223

O.0225

unstable

unstable

unstable

    Thus, the autornatic control system in each ef the above-mentioned cases a), b)

and c) has been concluded to be unstable as shown ivith the point P in Fig. 29, and

this instability has also beefi shown in the experiments in which the remarkable

hunting has appeared.

iv) Feed-back to detector

   In order to stabilize the unstable system, the additional feed-back circuit has

been inserted between the output of manipulator Z4 and the inpnt of detector Z2.

'irhe additional feed-back circuit Yr.b. is shown in Fig. 26.

                               Zi = J'PanVf': controlled element (Leonard-rnotor),

                                       oL            Z,

Zg
YÅ}.b.

Z,
Zz

Fig. 26.

 Zl, == LiC,P-+(R-i, {- Ciri)P +( t-'-, -l- 1 ) :

                          detector
 Z3 == C2r2)2P•Y(rR-P.-2.--l-1): amplifier,

 Z4 = Lr'P+rr': maniptilator,

Yf.b.=xP: feed-back element.

with filter,
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e,,

r.
t

rf x2gcf

c>-----" rla
          Co2

           Fig. 27.

With Rg = armature resistance

Leonard-motor (controlled motor)

                  Yr•b• -- Corr!Kr

and
                   l Z,
                   l
                   l- -K,
            I[Z]I = i•
                   , um K,

where [Z]e : characteristic matnx

                       Z,

. I[Z]il=
                       z
    Hence, the feed-back vector

                   [g,i), =

    Then,' the characteristie vector

ment Yr.b. (rri =1.0K9), has

       I<. TASffIRO

           u =: input voltage,

           er = output voltage,

          Co, == 2.21 "F,
ef
          Co2 = 7.0 "F,

' Cr=2.46 pF,
      rri, rr2 == variable resistances (r)i+rr2 = 2000 9),

           Ce : CeiCo2/(Coiwl-Co2) ==t 1.62 ttF,

  of Leonard-generator and Rm == armattire resistance oi

    , we obtain:

        1?")t
      R'ige"R-. P = XP : O•0562 rr,p ,

           il
             iZ2 z, Y" b' l :xz],I -- yr. b.I[z]il = o,

   -K, Z., ii

  ' without any additional feed-back,

        i'
-K, Z, i = K,K,Z, = K, K, (fip -1- ft) .
    -K, l

   is given by

K2K3x [tll] = O•0562 K2K3rri [fL') •

     of the system, with the additional feed-back ele-

  the components :

Load

oz
2

 load

load

loads

o
e  !st

2
e

3
4 l   't4

I
i

 5 st

6.54Å~10-5

6.44Å~le-5

6A8Å~10-5

I 4.g33Å~lo-3

 4.90Å~10-3

 4.95Å~10-3
          E

7D9Å~10-i i
        1
7.ilxlO-i I

7J7Å~le-"i l

45.48

45.05

45.80

187.0

205.5

229.6

13483

13492

13504

and is normalized as follows :

 Load

no load

2 load

2 loads

'

,6E '{g
I

ittt
.g2 u[e, I

     '' ' 1 l'
        l•    ll        l•    llii

 l
 i'

i
tttttttltt t t

ta4

i'

'g•lj

`

Stability

l O.890

O.836

O.835

l

i

 o.0244 l

 O.0257 l'

..9..029e. i

O.0232

O.0223

O.0225

I' unstabie

i Unstable

l stable
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    The above-calculated vector-components are illustrated in Fig. 29, and the experi-

ments have quite agreed with these theoretical calculations, showing that the system

is completely stabilized only in the case of two loads. And the !neasured values of

resistance rn for the system being in critical stability are quite consisteRt with the

author's theoretical calculations, as follows.

Load '
Theoretical values l Measured values

           no lead I 1.04K9 l 1.12KP-
           lload I LOI K9 i 1.20 K9.
                     I/           21oads l• o.96 K9 l o.94 K.O.                     ii       t..............t.t.t..tt.tttma--t.ttnvttt.tttt.t...t..t.t...................t..t......t...tttt.tt.t.t.tt.tt....t.........t.ttt.t.t....t.ttttt.ttttt.t.t.ttt.ttttt...ttttttt."..t-L.-tnttt...t.-t...t.tt.t..tttttt.ttt......t

 'xr> Feed-back to amplifier '
    When the additional feed-back circuit Yr.b, which is shown in Fig. 28, is inserted

between the output of manipulator and the input of amplifier, in order to stabilize

the hunting system, the block diagram of the whole system is given as follows :

Z.i

Z4

Y},b

            Z,

          Fig. 28.

The characteristic equation

 I Jtp+ft
 i i -K, L,C,P2+(i151i

 i'

 li

 1

This is expanded as follows

where [Z]e : characteristic

         l• Z, I
i[z]fi :-I-K, z, l==
         i' i         i• -K,l
      = J'L,C,K,P

            Zi - J'P-l-f'. contro}}ed element (Leonard-motor),
   •-ri    li2 Z2 = LiCiP2+(i-i,-}- Cfi)P-l-(illtl,+i): detectorwith fi!ter,

            Z3=:C2rp2P+(ftP22.ÅÄ1): amplifier,

            Z,i=:Lr'P+rr': manipulator,

           Z].b.= xP: feed-back element.

       is

                                                    li                                              l.
                                                    1                                                    I     -F C,ri)p -i- (ilt', +i) l/
        ww K2 C2.rp2 P+(tt-,-,- +1) \r. b. I=:O'

                                  `n l                              - K, L/P + rx' i

         l[Z]ol-F Yr•b•l[Z]r1 =O,

      matrix without any additional feed-back,

        K,Z,Z, = K, (fip + ft) {L,C,P2 + (ft-l• +C,r,)P " (tr', +1) }

3+ K, {f' (ft-l + C,r,) + f'L,C,}p2

 +K, {Jri (i51 +1)+f'(f-ilA, -i- C,pt,)}p+ K,f'(1+ fiL,) .

e
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                  FEED-BAC!< PXYSICAL SYSTEM (II)

T.he feed:back vector or stablizing vector is

   gi ],i .lf'LiC, (fixs.3Å~lo-2 >
   8, l. iJ'([itl -yCiri)-Ff'LiCi lftx4.gs+ftxs.3Å~lo-3

  ti.r.="3X1;l1..li>Xl-:,f'(ft'-',"cira)==r'ixg:g+ftx4gs ,'

it has the following numerical components for rri = 1.0K9.

217

Load
g

1 1
ij

I
I

  J

2
g

3
8

4
e

no lead

 1 load
 2 loads

F

l  3.7Å~20-
3.66Å~10-4

3.64Å~20-4

O.230

e.234

O.236

I 37.85

37.55

37.48

l
I

143.0

159.0

180.0

So the characteristic vector, with additional feed-back, has the components :

Load
i

o
4 l

ne load

 1 load
 2 loads

6.54Å~10-5

6.44Å~10-5

6.48Å~10-5

l
g

i
I

2
8

5.3e3Å~10-3

5.266Å~10-3
           i5.314Å~10-3 l
           11

O.939

O.945

O.953

3
g I

4
g

48.23

48.13

48.48

I
l94D
213.0

238.6

5
e

13483

13492

13504

and by nermalization, these become :

Lo'ad 6ig fg l Si4 1gg

no load i
 1 1oad i'

 2 1oads I

l
i
l

l l l g
l O.603

O.626

e.621

c,e
I
F

g'e

O.O144

O.O154

O.O170

O.O122

O.Ol19

O.el18

Next, the feed-back vector for rri -- 1.5K9 has the following components :

Load
F

E
l

e
j

l 2
g

3
E

4
e

no load

 1 load

 2 loads

l O.555Å~10-3

O.549Å~10-3

O.546Å~10-3

I
i O.345

O.351

O.354

F

E

l

56.78

56.33

56.22

214.5

238.5

270.0

So the characteristic

components :

vector with additional feed-back ls gwen by the foliowing

Load o
g

1
g

2
e

3
e.. i

4
g I

 sg

no load I
 11oad l
         i
 2 1oads l
         g

6.54Å~10-5

6.44Å~10-5

6.48Å~10-5

'

i            i'5.488Å~le-3 I 1.054
           I5.449Å~10-3 l 1.062
5.496Å~10-3 1.017

l
l

67.16

66.885

67.22

  265.5l
ii 292.5

I 32s.6
E

13492

13492

13504
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By normalization, these components

1<. TASHIRO

become :

      '.eL'i/:.#,d 'II' 19"nvmmr'lfi" 'fLIS' 11i g,lglg il g,11ill';, fg,g•g'ig,g'''

       21oads l -l...mm1/-..--1".."....i/.......1.. ..j ..ne'nvo..7..3.8. i om8s i o.O0897

    By the author's stability criterion, the characteristic vectors for all cases without

any additiona} feed-back and for a case with the additional feed-back oÅí rfi == 1.0KS2,

whose components have beeB calculated above, are theoretically concluded to be

unstable, while the characteristic vectors for cases with the additioRal feed-back of

rri=1.5K9 are all theoretlcally concluded to be stable (see Fig. 30). The experi-

ments have qulte agreed with the author's theoretical conc!usions.

vb Period of hunting

    For example, we repeat here the case of no load and feed-back to amplifier. The

characteristic vector in the state ef critical stability has the components :

Load

no load

o
6

1
g

l

I
6.54Å~10-5 E 5.488Å~20-3

2g
3

g

1.054 I 67.16

E

I 4
e  5g

      I265.5 i 13492

which aye normalized as Åíollows :

Load 6t4 ,{4 6'g l T5g 1i4 l slg

no load l
         i

1
E

1 i 1
:

i O.762
l

I o,ols7 l o.oog4s

This norma}ized characteristic vector is represented by a point, scaled ri'=O.O16 on

the normalized line of crkical stabi!ity of the 5-dimensienal vector in Fig. 30.

    Accordingly, the hunÅíing frequency of this unstable system is given as follews:

      f= tl--, = f--i-;t"- = S. Vt'U')'(fi)' = 22. Vo•oi6 Å~ 6---.-stt:l-tt-:go---,g -- c.ss <ysec),

or

                             T=11f =e.387 (sec).

    This theoretical value of hunting frequency may be considered to be quite con-

sistent wkh the measured value 2.8 (cycles per second), or T =e.357 (seconds), if we

take into account the non-iinearity of elements and the experimental errors.

vii) Straight-line stability criterion

    So far we have cons2dered the section of the 5-dimensional vecter by (g"4,gSs)-

plane. As described in bR7 of the preceding paper, if (g",,6..)-plane is considered
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instead of ($4,S..)-plane, we

of some straight lines.

    For example, in the case

vector has the components:

      K TAS}{IR6

obtain a very simpie stability

of feed-back to detector, the

criterion which consists

normaiized characteristic

      Sta"oeaSdOf 46i g"g 111 4s! II' e-,XX i 4",7 I gg
                '       no ioad 1 1 i 1 O.890 i O.0244 l o.232
        ;lg:,d,,l l li li 818,g6,lglggg7, 11i gl:ii

    tt..t.t.trm.=uatH-ttny-rmivmu.imtwtnvt . .. . t.. . tt"nvtt.nvtmet..tt..tttr-t.

Now, cutting the hypersurface of critical stabilky of the 5-dimensional vector,

                                  e,ti =ri!(2-7'") , 1

                                  e," = r/! (6,'/-r") , 3

with a plane it" :constant (any value Qf 6' 4"  in the above tabie), we

(#3", 6,")--stability criterion which consists of two straight lines as':

                              ttsi! =?'1!!(e3il-rlti), (rl-.line)

                              g",'i : r,'! (6 ," - 'r2") , (r2-line)

where n" and ?'2" are the roots of the equation:

                                g"4'/ = r'!(1-r'!)

for given value of g"4"-component, as shown in the following table:

obtain

            Stiigi.edOf ei(i l • 7•lt i ?tEt
       -tt'ttt'ttmmttrcwwtt-ttre't"Jtttt'ttt't't"/1'''t''t"'t't'tt't't't'tttt''tt''t'ttt't"'t'tttt''t"t't"'tt'''t''11tt'ttttt"tttt't'ttt"tttt't"t"ttt'ttt'tt'ttt"t"tttttt''t''i'"tt''t''tt't't't'tt''"'''t'"'ttttrm"t't-tttttt't'"tt'tt'ttt'"t'

            no load I O.0244 l. O.024 l• O.976
             Sl.og,d, II• g182,g,7 l'l gl82,g , 81g7,g

                       i1l                       /t
    The stabiiity criteria by these straight lines are illustrated in Fig. 32, and the

yesults are completely in accordance with those of (64", gi s")-stabiiity criterion.

12. Conclusion

    In tliis paper, the stability of the feed-back physical system, the relations

between the stability regions of the n-dimensiona! characteristic vector and those of

the (n-1)-dimensiona! vector and also the relations between those of the n-dimen-

sional vector and the (n-2)-dimensional vector have first beeR discus$ed in detail,

and the methods of constructing the stability criteria of higher dimensions from
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those of lower dimensions have been described. Accordingly, ffom the simple sta-

bility criteria of the 2- or 3-dimeRsional vectors, the stability criteria of the 4- and

5- and higher dimensional vectors are readily obtained successively.

    The stabiiity criteria on any (g., S.+,)-plane, besides those on (8n-i, g"n)-plane,

have also been discussed. Moreover, the stability criteria on (6nmu2, gn)-plane, which

consists of some straight lines, have been shown to be very simple and convenient.

    It has been shown in bR 7 that the stability criteria of higher dirr}ensional vectors

are drawn by adding two criteria of lower dimensional vectors. This method makes

also the stability criteria very simple and convenlent.

    We have also shown that from the r-scale on the line of critical stabi!ity, the

hunting freqgency in the case of automatic control system as well as the oscillating

frequency in the case of oscillator is calculated.

    It has also been discussed how simply the additiona} feed-back and the additional

feed-forwafd, which are commonly used for stabiiizing the automatic contro! system,

can be treated by the author's vectorial considerations.

    Lastly, the experiments on the stabilization ef the speed conÅírol system have

shown the complete accordance with the theoretical results and thus the confirmation

of the author's methods has been achieved.

    }n conclusion the author should like to express h}s sincere thanks to Prof. !.

Takahashi for his helpfull advices and discussions about this paper, and to Prof.

Y. Ornoto who has kindiy afforded faciiity to this work.
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