
INTERNATIONAL FEDERATION 

OF AUTOMATIC CONTROL 

Adaptive Instruments 
and Controllers 

Fourth Congress of the International 
Federation of Automatic Control 

Warszawa 16-21 June 1969 

Organized by 
Naczelna Organizacja Techniczna w Polsce 



INTERNATIONAL FEDERATION OF AUTOMATIC CONTROL 

Adaptive Instrument~ 
and Controllers 

TECHNICAL SESSION No 50 

FOURTH CONGRESS OF THE INTERNATIONAL 
'FEDERATIO·N OF AUTOMATIC CONTROL 

WARSZAWA 16- 21 JUNE 1969 

Organized by 
Naczelna ·Organizacio T echniczno w Polsce 



p per 
1 TO 

50.1 

30.2 

50.3 

SO.L. 

30 .5 

30 .6 

50.7 

JA 

CDN 

GB 

D 
/ DFR/ 

su 

PL 

su 

Biblioteka 

Po\\1\\~i~i\ i~\lmliliej 
1181074 

Contents 

Page 

- L. Morishita - Dynamic Behavic-r of a Linear 
Threshold Element with Self-Adjusting Weights 3 

- J. S. Riordon - An Adaptive Automaton Control -
ler for Discrete Time Markov Processes...... 22 

- A. L. J ones, D. P. Me Leod - A Digital Controller · 
for Process Industries with Adaptive-Type Be-
haviour. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 38. ·. 

- W. Speth - Simple Method for the Rapid Self­
Adaptation. of Automatic Controllers in Drive 
Applications •••••.•••••• • •••••••• •••••••••••• 

- D. Ya. Svet - $elf-Adaptive Systems for True 
Temperature Measurement in Optical Range •••• 

- Z.Barski - Adaptable Regulation System of 
Temperature and Humidity in Air -- Conditioned 

52 

68 

Objects. . . . . . . . . . . . . . . . . . • • . • . . . . . . . . . . . . . . . 78 

- L . I.Gutenmakher - New Analogue Models for 
Control Purposes •••••••••••••••••••••••••••• · 103 

Wy- awni two. C_asopism Technicznych NOT - Polska 

Zaklad Poligraficzny WCT NOT: Zam. 80/69. 



3 

DYNAMIC BEHAVIOR OF A LINEAR THRESHOLD 
ELEMENT WITH SELF-ADJUSTING WEIGHTS 

Iwao Morishita 

Department of Mathematical Engineering and Instrumentation Physics 

University of Tokyo 

Toqo, Japan 

Introduction 

During the last decade the problem of self-organization has received 

considerable attention. F.Rosenblatt1 reported on the cross-coupled Percep­

tron. H.D.Block et al. 2 investigated the four-layer series-coupled Percep­

tron. E.R.Caianiello3 proposed a model for brain functioning. In these 

papers, a special class of linear threshold elements were introduced. The 

elements have a set of variable weights, the values of which change auto­

matically following a certain rule of growth. Networks of such elements · 

have the function of self-organization. Similar elements were also present- ·· 

ed, in the studies of the problem of "learning without a teacher", by C.V. 

Jakowatz et a1.
4, E.M.Glaser5, D.B.Cooper and P.W.Cooper6 , H.J.Scudder7, E.M. 

Braverman8, B.Widrow9 and others including the author10• 

In the previous work, however, the behavior of such elements was inves­

tigated only from the standpoint of nonsupervised learning for pattern rec­

ognition or signal detection, and little attempt was made to understand 

their general properties. 

In this paper, a new structure of element is presented, and its dynamic 

behavior is investigated in detail apart from the standpoint of a particular 

application. As a necessary result of this investigation, its general 

properties become evident and we can discuss what the element. can do. 

The element is basically a summing device. It gives a weighted sum of 

its inputs as the output. At the same time, each weight chang~s by an amount 

proportional to the corresponding input, where the direction of the change 

is determined by the polarity of the output. In spite of this simple struc­

t ure, the element has a remar kable property, that is, it has a tendency to 

separate i t s inputs into a " spectrum" or a falll!i~y of orthogonal components, 

and to pick out the component of lar gest power for its output. This proper­

ty enables it t o perform a variety of types of information processing such 

as majori ty decisi on l ogic, data storage , pattern dichotomy and signal fil­

tering. It should be not ed t hat threshold function is used j ust for the 



weight adjustment and the output is the weighted sum itself. 

The Element 

A block diagram of the element is shown in Fig.1,. The element consists 

of a set of variable weights, a summing device, a comparator and a set of 

weight adjusters. The inputs xi(t), i=t,2,_ ••• ,N, are assumed to be zero­

mean signals, i.e., 

xi(t)=O, i=1,2, ••• ,N. 
The output of the element is a weighted sum of the inputs, i.e., 

"' 

( 1) 

y(t)=) w.(t)x . (t). (2) 
~ :l :l 
.(a f 

The weights are adjusted automatically according to the equations 

dw. ( t) 
T-ft-+wi(t)=axi(t)sgn(y(t)], i=1,2, ••• ,N. (3) 

Using the vector notations 

x
1 

( t) 
x2(t) 

~(t)= ~(t)= 

~(t) 

we have the simpler aspect 

y( t}=~( t) ·~( t)' 

dw(t) 

w1(t) 
w2(t) 

~(t) 

T ~t +~( t)=~( t)sgn(y( t)] , 

where the prime ' denotes a transpose operation. 

Analysis 

Since it is difficult to solve the system of nonlinear differential 

equations (2),(3) exa~tly, an approximate analysis will be attempted. 

(4) 

(5) 

(6) 

First, the input signals xi(t) are assumed to be stationary gaussian 

signals. The correlation coefficient between x.(t) and x.(t) can be obtain-
:l J 

ed approximately by averaging x.(t)x.(t) for a time interval h, i.e., 
l. J 

t 
rij~xi(t)x/t)=i i xi(t)x/t)dt, for all i, . j. (?) 

t-h 

Assume that the time constant T is much larger than h. Then, wi(t) do not 

change appreciably for the interval h. Thus, averaging the right side of 

(? ) from t -h to t~ we obtain the approximate eouations 

d.w. t ) a rt 
rr -d{- +wi( t )=1) ) . x/t)sgn(y(t)]dt, i=1,2, ••• ,N. 

t -h 

(8 ) 
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As is well known, if f{t),g(t) are zero-mean gaussian signals . then we have 

where 

f( t)sgn (g ( t )]=M ~/( t)g( t), 

2--2. 
c:r, =g( t ) 

(9) 

( 10; 

In this case, y(t) i s also a zero-mean gaussian signal because a w~i hted 

sum of zero-mean gaussian signals i s also a zero-mean g:aussian s ·.gnal . 

Hence, 

where 

-·t ~ 1 1 (t ~ ( x .(t) sgn[y(t)]dt= £.-- x.( t)y(~ )dt, 
\-h ~ n Olt ) h t-h ~ 

t 
CJ(t) 2= ~ ( y(t)2dt 

h )t-h 

(11) 

(12) 

Note that y(t) is not a stationary signal, because wi(t) change .~th t ime . 

Substituting (2) into (11 and carrying out the int egration under the 

assumption that wi(t) are constants, we obtain 

t 1% N -h1 ( x. ( t) sgn[y( t)] dt= ..&. - 1
- '[ r . . w. ( t). 

) 1 n att> . 1 J J 
t-h J•1 

Hence, 

dw. ( t) "' T--1- +w.(t)= __<L Ir .. w.(t), 
dt l. CHt) .;. 1 1J J 

()( t)2= [ [ rijwi(t)w/t), 

or ~ } 

dw(t) d 
T ---- +w(t)= - Rw( t) 

dt - (Jtt) - ' 

2 
0( t ) · =~( t ) 'R,!:( t ) , 

where R is a NxN matrix with elements r . .• 
:l.J 

d=[a, 
JTt 

Steady- state solutions of the above equations are given by 

( 1.3) 

(14) 

( 15) 

( 16) 

( 17) 

(18) 

This means that t he solution vector ~· has the same direction ~~tb one of 

the eigenvectors of R. Since a covariance matrix iE symmetric ' and positive 

definite, R has r r eal and positi ve eigenvalues A1 , ~2 , ••• , AN ' and there 

exist N eigenvec t.or- :orresponding to these i envalues . Let the eigen­

vectors be 1!1 , 1!2, •• • · ~-;-· --·---· he solutions are given by 

w. *=c.u. 
- l. ~--

. =1 , - ... - ,:~ (19) 

where c . are deter mined by 
J.. 2 22 2 1 () 

0 i = (j ·\ =C i1!i ~i • 20 
If .!:* is a solution, then -~· is also a solution. The origin Q is clearly a 

solution. Thus, there exist in total 2N+ solution- . 
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There exists an orthogonal matrix P such that 
-1 . ( ) PRP =d1ag x1 ,A2, ••• ,XN • 

Therefore, from the transformations 

!_( t)=P:!!( t), 

~(t)=~(t)' 

it follows that 

y( t)=y( t) ·~< t) t 

T ---- +v(t)= ~ z(t)sgn[y(t)]dt, 
dv(t) )t 
dt - h t-'n-

Hence, 

dv(t) ~ 
T ----+V( t)= diag(A

1 
,).

2
, ••• ,,AN)v( t), 

dt - O"lt) -

er< t) 
2
=y( t) I diag(>.1 ,,>.2' ••• ,,AN)!_( t)= .L. ~Vi ( t) 2

• 

When the eigenvalues are all distinct, the equilibriums are given by 
0 0 

i=O, 1 , 2, ••• , N , 

0 0 
where 

v0=0, cr0=0, 

v~= dA, Cf:'=d.A. . 
1 l 1 1 

' , i=1 ,2, ••• ,N. 

(21) 

(22) 

(23) . 

(24) 

(25) 

(26) 

(27) 

(28) 

\o/hen >. k=>.k+1=. • ·=>.k+r-1 
0 

and the others are all distinct, the solutions are 
0 

wher e 

and 

0 

0 
-v~= -v~ 
-J. 1 

D 

vo=O, 60=0, 
vi_= riJ;.i ' a;== of\ ' 

v"= - k 

~ ~ 
0 
v* 
.k 

' v* 
k+r- 1 

0 

where 

i=O, 1 ,2, ••• ·,k-1 ,k+r, ••• ,N, (29) 

i=1,2, ••• ,k-1,k+r, ••• ,N, 
(30) 

(31) 

(32) 
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The stabili ties of these points can be discueaed using the second 

method of Liapunov. We can show that only a pair of equilibrium& correspond­

ing to the largest eigenvalue are stable and the others are all unstable. 

Moreover, we can shov that all solutions tend to either o~ the tvo as t--,oo. 

As an example, phase-plane trajectories have been calculated for a tvo-input 

element with values0(=1, >. 1=1, >.
2
::0.6 and(){=1, }1

1
= >...

2
:1. Fig.2 shovs the 

results. 

The outputs in the equilibri ums .!1 • , .!2 • , ••• , -~ • are given by 

yi(t)•=vi•zi(t), i=1,2, ••• ,N. (33 ) 

Clearly y i ( t) • make a family of o~gonal functions. Then, bt us define 

a family ·of normalized orthogonal componente 

ei(t)=yi(t)*/()(,.>..i' i=1,2, ••• ,N. (34 ) 

From (33), (34) it follow that 
N 

x.(t)= l: c . jej(t), 
l. jc1 l. 

i=1,2, ••• ,N, 

where 

cij )=P-1diag(J>:",.~2, ••• ,fKw>· 
Also, we obtain 

"' 2 j; cij=~· 

(35) 

(:;6) 

(37) 

Thus, each input can be represented by a wighted sail of the components and 

the eigenvalue ..>..
1 

is equal to the total powr of tbe i-tb ooaponent e
1
(t). 

Since all solutione tend to either of the two points oorreeponding to the 

largest eigenvalue, it ia clear that the e1ement piclr.a out, at the steady­

state, the component of l..arpat total. powr as the cnat}RR. This is one of 

the most fundamental properties of tbe element. 

Even in tbe pneral case where tbe iDpa1:a are not restricted to 

gaussian sigaala, the 2K+1 pointa give b7 (27) aN al.so ecrailibri'WIIS, wher~ 

we shoul.d clefine 
---....o:----:; 

v
1
•aazi(t)asn[zi(t)], 1=1,2, •••• 1. ( }8) 

Also, t~tion.s ~35), (37) still held, if we define 

.=~.(v) 1 l.='f,2, ••• ,N. (39) 
l. 1 . 

Howaver, tb.a stabilities of the equilibriUJDS are not necessarily same o the 

a· ove results, because in general the,- are affected by the waveforms of _the 

i nputs. In a speeial case, it i s possible that ' pai:rs of equilibrium.s are 

aJ.~ s~ble. Stability of one point, fo:: example , of !.v._ • can be discussed 

using the linearlized equations 

~ ! ~ ~(,~. 
(40, 
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ldlere 

ud 

~(t)a(Tk(t)-~)/~, 

pi(t)-.1(t)/Tk' tor all 1~, 

tr, !"Z1 ,2, ••• ,a, are the tiM illatanta betweD t-h IIDd t IRICh that 

~(tr).O, 

•r,r+1 , r-1,2, ••• ,~ are the polariq of. ~(t) betWHil tr uul tN1, 

~(t >·d: z_ (t)l 
r 1t t • tt". 

(42) 

I! ~(t) ia a b~ sipal, the poillt !tt• ia atable, becaue ~(tr)• oo. 

!or all r and the ript side o! (41) ~shea. For. 8iD • ._ illpate equilib­

riWIS o! a t~i.Dput el..ent baTe been iDTell'tiptecl. Let z1(t)ac1coewt, 

~2< t)=c2coe 2wt. 'rhen, .!1• ia· stable or 11D8table accordiiac u c1~ c2 
or 

• c1 ~ c2, and ~ • is stable or murtable accardiJlc u c1!J2c2 arr c1>.[JC2• Let 

z1(t)=c18illu.>t, z2Ct->ac2ein 2wt • . !Jum, .!1 is alW7• stUle9 ad~· ia 

stable or 111latable accord:iJlc aa c"'.[2c2· or c.rJ2c2 • . 

SiaulatiOD8 Oil u haios Cc!p!ter 

l iluaber o! siaulatiOD8 wre carriecl 011t to ftrif'7 t!ut theoretical 

results obtained abaTe. A. part of tha will be .-.. ill the follovi.Dg. 
j, 

On an coarputer Hi tachi AIM-.502f, a tlD-illpat el .. t, 
1(t)=w

1
(t)x

1
(t)+v

2
(t)x

2
(t), 

dv ( t ) dv ( t) · · 
T-it-- +v1 (t)=ax1(t)sgn(;r(t)], !T +v

2
(t)=ax2(t)sp[;r(t)], 

w..s silllul.ated vith the experilllt!ntal Talue !-10s. A.e i.n.pat ~pala, 

pseudo-random signal.a, sin WTes and bi.DarT lligD&).a wre 118841. 

Simulation 1 

Tw yeeudo-randa. signal.s vere gi.Ten aa the i.Dputa. !hat 1.a," 

x1(t)=e1n
1
(t), ~(t)•cz!L2(t), 

where n
1 

( t) and u~( t) ~re obtained by paseing a b!Dar1 sipal of M-sequence 

and its dela1ed' replica through lov .pass filters. · '!'heir •••fortaa are shovn 

i n Fig.3. The phase-plane trajectories · obtained vith experillental Talues 

c
1
=1, c

2
=0.8 and c

1
:c

2
=0.8 are shown in Fig. If.( a) and (b), respectiTe~. 'rhey 

how good agreements with the . theoretical trajectories shovn in Fig.2. 
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Simulation 2 

Two sin waves were given as the inputs. That is, 

x1(t)=c1ain 2t, x2(t)=c2sin 3.6t. 

With values c1:1,c2=0.5 and c1=1,c2=0.8, the experimental trajectories shown 

in Fig.5(a) and (b) were obtained, respectively. The results verify the 

theoretical prediction described above. The experimental trajectories 

obtained with values c1=0.5,c2=1 and c
1
=0.8,c

2
=1 .are shown ·in Fig.6(a) and 

(b). I -f x1(t)=c1sin 2t, x2(t)=c2sin 4t, then .!1• shoUld be stable, but in 

this case the fre~uency o£ x2(t) is not just twice of that of x
1
(t) and 

their relative phase slowly varies with time. Thus, -vith values c
1
=0.5, 

c2=1, .!1• become~ ~table. ~imilar results were also obtained with the 

inputs x1(t)=c
1
coa · 2t, x2(t)=c2coa 3.6t. 

Simulation 3 

TliiO .b~ signals were- gi,ven · as the i.nputs. That is, 

x1(t)=c
1

agn-(sin 2t], x2(t)=~2sgn(sin 3.6t]. 

With values. c1=1,c2=0.5 and c1=2,c2=0.5, the trajectories -shown in Fig.7(a) 

and (b) were obtained. In· the ideal condition, .!2 • should be stab_le alwayfi, 

but the results show that when c
1 

is 4 times as large as c2, the point is 

practically unatable. Large _nuctuation of w
1
(t) .due to the large amplitude 

of x1 ( tr enables _<=w1, w2) to go out fr-om a stable region restricted to the 

neighborhood of .!2•. 

Simulation 4 
When values of e1 ,c2 are changed with time, the stabilities of .!1•,.!2• 

also change. A" simulation result with the inputs 

x-1(t)=c
1
sin 2t, x2(t)=c2sin 3.6·t 

is shown in Fig.8(a). Fig.8(b) shows another example where the inputs used 

were 

x1(t)=e1(t)+e2(t), x2(t)=e1(t)-e2( t ) , 

e1(t)=c1sin 2t, e2(t)=c~sin 3.6t. 

The result shows clearly that the select ion of the output is performed on 

the basis of the total power of each component . 

After all, it has been sho'*'Il t ha t withou-r; regard to initial values of 

w1(t),w
2
(t), the element picks out the co111von~nt of l argest total power as 

the output, if its power i s -much l arger tnan that of the other. 

Discussions on Some Po~sible Apnlications 

In this section let us discuss how the behavior of the element may be 

interpreted for some types of information proces sing. 
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A. Majority Decision Logic and ·Data Storage 

Select an arbitrary family of N normalized orthogonal components ei(t). 

Let each input of the element be one of the components. Then, in the equi~ · 

l ibriums, one of the components is given as the output~ Thus, interpreting 

~he output of i-th component as the representation of the state "i", we can 

use the element as a logical element of N states. 

When a component ek(t) is fed to input terminals of number ~' the 

total power of this component is equal to ~· Thus, if ~ is much larger 

than the others, the element goes to the state "k". Majority decision logic 

can be obtained. Changing values of n1 ,n2, ••• ,~, we can make the 

element go. to a new state. On the other hand, the element can remain at the 

last state, if all ni have nearly same values. This means a data storage 

operation. 

For example, consider a three-input element with threa components e1 ~t_), 

'e2(t),e3(t). Let e1(t) and e2(t) be fed to the first and second input termi­

nals, respectively. Then, according as e1(t) or e2(t) is fed to the third 

terminal, the element goes to the state 11 1" or "2". If the third component 

e
3
(t) or no signal is fed to it, the element remains at the last state. 

B. Pattern Dichotomy 

Consider a sensory retina consisting of N units. Each sensory unit is 

connected to an input terminal of the element as shown in Fig.9(a). The i­

t h unit gives a binary output ui(t)=1 or -1 according to the intensity of 

light on it. A sequence of patterns is presented to the retina, where each 

pattern belongs to one of the two categories 11 +11
, "-". Consider a zero­

mean.binary signal p(t). Let subsequences of patterns belonging to"+" or 

"-"be presented according as p(t)=1 or -1. Then, the signals ui(t) may be 

classified into three sets, i.e., 

the first setQ 1: ui(t)=p(t) or -p(t), 

the second setQ2: ui(t)=1 or -1, 

the third set R3 : ui (t)=bi. ry random si~s. 

To satisfy the condition ~=0, the transmission lines from the retina to 
~ 

the element are assumed to drop de components of ui(t), i.e., 

x.(t)=u.(t)-~. 
~ ~ ~ 

Hence , 

xi(t)=p(t) or -p(t) for i E: Ql' 
x . (t)=O for i E- Ql, 
~ 

x.( t) =zero-mean random signals for i E Q3, 
~ 

'fhe inputs belonging to the seco~d set play no role, but those belonging to 

the third et i ve disturbances. However, if the deformations of the sample 
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patterns present .l are relatively small, then the total po~er of p(t) and 

-p(t) in the inputs would be much larger than those of other components , and 

the element would give the output of p(t) or -p(t). This means a pat tern 

dichotomy. 

C. Signal Filtering 

When all the input terminals of the element are connected to a tapped 

delay line as shown i n Fig.9(b ) , the element works as a filter. An ess -n­

tial property of the filter vil_ be shown most clearly by giving a special 

form of input · 

"" 
x0 ( t )= L J2ckcos(kw0t+9k), 

K& 1 

where 

M=N/2. 

Taking h=2 7t/w0 , we obtain 

r .. = t ck
2
cos kw0( i- j) • 

- J K•1 

(44 ) 

In this case, two eigenvectors correspond to one eigenvalue, i.e., 

cos sin k~.A 

k=1,2, ••• ,M. (45) 

CvS 2Mk.J • .O sin 2Mk~0 

If )\k is the largest, then the stable equilibriUIIs are given by 

w*=Rfw• +f2fnl• (46) 
~ -ck -sk' 

where 
_2 2 2 . 26 2;4 r-cos 8k+g s~n k= c~ • 

Therefore, the steady-state output is given by 

yk(t) • =a-tck(Acos kw0t+B!=>in kw0t), 

where 

Thus, the element picks out a pure sin wave, and it is the compo~ent of 

largest power. More generally, the input may be of the form 
n 

x
0 

( t) = L /2ck cos (it t+ ~) , 
· K=1 

In this case, too, it can be shown that the element gives a nearly pure 

sinusoidal output if 

n«N, 21T/t0n» Ll >>27f'/N<J1 • 

(47) 

(48) 

When the input xn(t) is a sin wave corrupted by a random noise; it picks out 
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"10 
the sin wave as the output • When input terminals of the element are 

connected, not to a tapped delay line but to an antena array, the element 

works as ~ automatic focussing device. 

Conclusion 

A new structure of linear threshold element with self-adjusting weights 

has been presented and"its dynamic behavior has been investigated in detail 

by _an analysis and some simulations. It has been shovn that the element 

has a tendency to separate its inputs into a family of orthogonal components 

and to pick out the component of largest power. This property can be 

applied to a variety of types of information processing such as majority 

decision logic, data storage, pattern dichotomy and signal filtering. 
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sgnty] 

Fig.1. Block diagram of the element. 
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Fige9~ Two applications of the element. (a)Th~ e~ement connected to a retina works as a pattern dichotomizer. 

(b) The element connected to a tapped del~ · line works as a filter. 
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AN ADAPTIVE AUTOMATQN I CONTROL-LER 
FOR DISCRETE TIME MARKOV PROCESSES 

1. . INTRODUCTION 

J. S . Riordon 
Faculty of Engineering 

Carleton University 
Ottawa, Canada 

In recent years considerable interest has been shown in the application 

of discrete state methods to the adaptive control of stochastic processes with 

uncertain dynamic properties. Because of its convenient and general structure, 

the stochastic automaton has been widely used to model both the learning 

controller and the process itself. Early work in this field was presented by 
1-4 

a number of Soviet authors. Applications to multtmodal hill-climbing and 
5 6 

adaptive control have been considered by McMurty and Fu , McLaren , and 
7 , 8 

Nikolic and Fu • Riordon has investigated the relationship of the auto-
9 

maton controller strategy to the problem of dual control • Chandrasekaran 
10 

and Shen have extended previous work to the case of nonstationary 

processes. 

While the discrete state approach is capable of dealing with a very 

general type of stochastic process, its on-line use has been restricted 

almos t exc l usively to the problem of single-stage cost minimization. In the 

case of off-line optimization, however, when the process dynamics are known 

s tatistically, considerable work has been done on the multi-stage problem; 

the use of dynamic. programming and the maximum principle in discrete multi-
11-13 

stage decision processes is a well established technique. It is the 

purpose of the present paper to combine the methods of recursive decision­

maki ng and automaton control t:·o develop an on-line adaptive feedback control 

algor i tr~ for multi-stage optimization of a general discrete time first 

order Markov process. 

2, ADAPTIVE OPTIMIZATION OF ·MULTI-STAGE PROCESSES 

2.1 Process Model 

The process to be controlled is assumed to be a stationary ergodic 

discrete time long duration Markov procesE with a state variable x(n) at 

stage n(n=O, l ,2, ••. ~), and an input (control) signal u(x(n) ). It is 

assumed that the state is completely observable, so that the output is also 
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x(n). Variables x and u will be considered as scalars, although this is not 

necessary in principle. The output x is quantized in.to a set of N discrete 

intervals ~ • {e1, ~2 , ••• eN} , each one designated as a process state. 

For ~ach process state ~i there exists a set of r discrete alternative 

~IJ,trol uiputs { tik' k .•1,2, ••• r}. Let the element s 5ik of the space 

:=: • ~X 1p (where 'f i .s the set ·of all inputs w
1

k) be -lenoted decision~· 

A decision state ~ik (n) • (~ i (n); V ik (~) ) defines the event, "process state 

at stage n is ~i; a decision has been mad'e to apply control alternative k 

during the time inte~al between stages n and n+l". Note that the pair 

(64
1

, WJk) i 's admissible as a decision stat:e only if i•j. 

The discrete state dynamics are defined by an N x N x r 3-matrix P 

whose elements pijk are unknown _but stationary . 

. pijk • pr [ 64(n+l) • ; j I Hn) • ;ik] 

Process co.sts are defined by known stationary matrices B and c, where 

B • N x r control cpst matrix each of whose 
elements bik is the cos~ of using 

control "ljrik". 

C • N x N transition cost matrix each of 
whose elements c1 . is the cost of a 
probabilistic traJsition from s~ate ~-

1. 
to state ~ j. 

The feedback control policy _is defined by anN X r decision matrix D 

each of whose elements dik is the probability that control alternative tik 

will be applied when the process state is ~1 • The object of control is to 

determine a stationary optimal policy D = n* which mir. inizes the expected 

cost per stage over a long (infinite) period of operation. 

2.2 The Adaptive Control System 

Fig. 1 shows the structure of the adaptive concrol system, comprising 

the following functions: 

1. Process Identification An estimate ~ of the dynamics P is 

updated at each stage of opP.ration. 

2. Policy Estimation An estimate of the optimal feedback control 

policy, based on P, is updated at each stage, and an evaluation 

of alternative policies is made. 

3. Decision Making This ·element comprises the automaton controller 

proper. Information from functions 1 and 2 is used to select 

(1) 
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one of the r alternative contra~ actions for a given' process 

state ~1 (n) at each stage n. 

4. Model Structure Adjustment If x and u are continuous, then 

the quantization levels are themselves parameters of the 

overall system which must be optimized. This function is 

performed by a slow-acting outer loop operating at a 

higher level of adaptation than 1,2, and 3. 

Each of these functions will now be examined in more detail. 

2.3 Process Identification 

The results of . observed process transitions ~ik(n) ~ ~j(n+l) are stored 

in an N x N x r integer 3-matrix M each of whose elements m k is the number 
. ij 

of observed transitions from state ~. to state ; when the control action is 
~ j 

wik. Maximum likelihood estimates of the elements of p are given by 

N 

= milk 
pijk nik 

where I 
j=l 

The expected cost of one stage of operation starting from decision 

state ~ik is denoted ~ik• For large values o· n (obtained in a long 

(2) 

(3) 

ik 14 
duration process), its estimator is normally dis~ributed with maximum like-

lihood value 

and estimated variance 

..... 2 1 
cr = --
ik nik 

N-1 N 

N 

I p ijk (l -p ijk) c ~j 
j=l 

-2 I 
j=l 

I pijk pi.qk cij 
q =j+l 

c: 
i.q 

2 .!• Policy Estimation 

Two problems are involved in policy estimation. The first is that of 

..... * [*I .... J computing the estimated optimal policy D (n) = D P = P(n) • The second is 

(4) 

(5) 

t hat of updating D*(n) to obtain D*(n+l) when a new observation changes P(n) 

to P(n+l) . The f irst of these may be solved by the use of a variant of a well 
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11 mown algoritl:a • Deceaaary details ·of vhich will be stated here without 

derivation. Let the .. trix l be defined by 

rlj f 41k Pljk 
k-1 

• ~ [t6(n+l) • -'J I t6(n) • t6i; P, D] 

- i l • f 4lk ~lk 
k-1 

(6) 

{7) 

A set of B adjoint variables vi' i•l,2, ••• R may be ~fined, in 11bich 

v • 0 without loss of generality. It i ia the conclitional estimate of the 
B . 

expected cost per stap, then steady state operation is described by N 

siaultaDeous equation& 

Let i .• 

... ... 
! - (.tl. "2· 

&Del define a colmm vector .i such that 

't'ben (8) becomes 

z•Tz+.t - - - ~ 

i.e. 

· where 

.i - Q -1 ! 

Q • (I-T) 

I • identity matrix . 

-i 

rl<B-1> 

• • • • _r2<B-l> 

i • 1,2, ••• R-1 

-1 

-1 

. 
-1 

0 

(8) 

(9) 

(10) 

(llJ 

(12) 

For any policy D, soiution of (12) allows tbe computation of a set of 

variables 
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Policy improvement is obtained by adjustment of each of the N rows of D to 

achieve the minimum r 

Min f I dik ~ik } , i•l,2, ••• N 

D k-1 . 

Iteration of (12), (13) and (14) results in a stationary optimal policy 
A 12 

D • D *. Kashyap has shown that if P is known, then the e:...ements of D* 

(13) 

are either zero or unity; that is, . a deterministic feedback policy is 

optimal. While D * is similarly deterministic at any stage, it is subjec~ to 

change as new process information becomes available. For a givea set 

{ B,C,P,fi*} every element d'*;:k of row i of fi* is zero except element d* is' 

where the control alternative s•s(i) is defined by 

~ii • ~n { ~ik} (lS) 

At stage n of the process a transition ~ik(n) ~ ~j(n+l) causes element 

mijk to be incremented by one unit. Equation (2) shows that only one row df 

P(n) .need be altered to obtain P(n+l). While the updated policy estimate 

D*(n+l) could be completely recomputed using the new data, such a procedure 

would be computationally prodigal. Instead, a simple method of updating 

Q-1 recursively will be introduced to eliminate the requirement for a matrix 

i nversion on-line at each stage of the process. 

Equations (6) and (15) show that 

rij(n)- pijk(n) I k- s(i,n)i,j- 1,2, ••• N (16) 

Suppose that a transition from decision state lis is observe_d .at stage n. 

Matrix P(n+l) is easily obta~ned f!om (2). _ The problem is to determine 

whether the estimated optimal control policy remains unchanged; i.e., whether 

s(i,n+l) = s(i,n) for each state ~i' Initially, let 

rij(n+l)- pijk(n+l) I k•s(i,n) i,J-1,2, ••• N 

so that no change is assumed in o*. Also, let 

~> 

~> 

= N element column vector of zeros, except element i 
which is unity. 

N element column vector of units 

(17) 

and let the symbols ·>, <· , < · · >, and ·> <· represent respectively 



a column vector, a row vec~ot , an inner product, and an outer product 

(dyad). 

As a result of the observed transition ~is(n) ~ ;j(n+l) only one row of 

R(n) is modified; i.e., 

l(n+l) • R(n) + e > < e (R(n+l) - R(n) 
4. ; (18) 

From (9), i{n) is given by 

f(n) • R(n) (I - ~ > < ~) - !! > < ~~ > .< ~ (19) 

so that 

Q{n) • (I~> -~- · eN><~)+ R(n) ~ >; < ~ - I) (20) 

From (18) ·and (20) 

Q{n+l) • Q(n) + ~> < <! 

where < ~ • < ~ (R(n+l) - R(n) ) ~><~-I 

Application of the matrix inversion lemma to (21) yields 

A -1 --1 --1 --1 • . -1 --1 
Q (n+l) • Q (n) - Q (n) ~> (< ~ Q {n) · ~>. +1) < '!-Q {n) 

Since the inverted term is a scalar, (23) becomes 

~-l(n+l) ~ Q-l(n) - &-l(n) ~i > < ~ Q-l(n) 

< ~ q-l(n) ~i > + 1 

(21) 

(22) 

(23) 

(24) 

Inversion of Q, the most time-consuming step in the policy estimation 

procedure, is therefore reduced to a simple recursive equation. Once 
--1 
Q (n+l) is obtained, equations (12) - (14) are applied to determine whether 

or not n*(n+l) differs from D*(n). If it does not (this is the usual case), 

then updating is complete. Otherwise a modified version of Q(n+l) must be 

derived from D*(n+l) by means of (6) and (20), and inverted. Iterative policy 

improvement then takes place, as previously discussed. Note that the procedure 

la simplified when an exploratory control action vik' · k rf. s(i,n), is chosen at 

stage n; in such a case R(n+l) • R(n) from (17), and it is unnecessary to up­

date q-1(n) before testing the estimated control policy. A flow diagram of 

the on-line updating procedure is shown in fig. 2. 
It can be shownlS that the elements of row N of &-l(n) are ; 1(n), 

;
2

(n) ••• ~N(n), where ~i(n) is the estimate, conditional on P(n), of the 

steady state probability of occupancy of process state ~i. These parameters 

may be used for the adaptive quantization of the continuous state variable 
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x (see section 2.6). 

2. 5 Decision Making: lbe Dual Control Problem 

When P is known, the optimal control policy D* may be computed off-line. 

A strategy is defined here as an on-line learning algorithm which attempts 

simultaneously to control the process and to discover the optimal policy when 

Pis uncertai n. In a long duration stationary process a strategy is said to ­

be ~onvergent if its use reduces the error probability to zero asymptotically 

(all nik ~~>,and if the strategy itself asymptotically assumes the form of 

the true optimal policy. 

In this section known results for the adaptive control of repetitive 

single-stage processes are extended to the multi-stage case by consideration 

of the latter as a series of single-stage decisions which are modified by, 

and interact through, the adjoint cost variables vj. At each stage of the 

process the strategy used to seek 'Qis • Min { T)il ••• T)ir} is that which 

incurs minimum expected cost for a given reduction of the single-stage error 

probability ni ' where 

ni = pr [ s (i) ; s (i) I M, B, c ] (25) 

It is assumed that the estimates of .{T)ik} are normally distributed with 

conditional means { Tiik} given by (13) and variances { a~k l given by (5). The 

l atter approximation, introduced for the sake of computational feasibility, 

ignores the variance of the last term of (13), but does not preclude the 
8 

convergence of the strategy. Fo l!owing the results of Riordon (in which a 

derivation and proof of convergence of. the single-stage strategy is given), 

a mixed st~ategy is used. The control decision is decomposed into two 

parts: 

1. For a given ~i' the probability 9i of choice of the 

estimated optimal control action ~Vis is given by 

9 . ... 1 - r ni r ni < 0.5 
~ 

= 0.5 i Qi 2: 0.5 

where i is constant fixed by the designer. 

2. If ~Vis is not chosen, then .ik' k ; s(i), is chosen 

so that 

(26) 



.... 2 
exp(- Pik/2) 

nik 0 ik 
- Max 
q•l,2, ••• r [ 

exp (- p 2 /2) ] ig 
n a iq - ·iq 

(27 ) 

where 

The value of o
1 

is 

~ig - fiis 

aiq 

given by8 
r 

0
i • L 

q+s<i> 

where Fik is a gaussian cumulative distribution function ; 

Fik(x) (2·~! f exp (- ~ e; ~~k f) dy 0tk _, . ik 

The value of Oi is easily determined on-line by interpolation from a 

look-up table of normalized values of Fik(x). For 7 constant, all values 

oi, i+s, tend to ze~o with this strategy, so that the asymptotic 

probability of a correct control choice for every state ~i tends to unity. 

(28) 

(29) 

(30) 

The parameter 1 is known as the convergence factor. A high value of 

1 causes Oi to decrease rapidly by increasing the tendency of the automaton 

controller to experiment for estimation purposes; concomitantly a high 

operating cost . is incurred early in the life of the process. A lawer value 

of 1 yields slower convergence, but spreads the estimation cost over a 

longer period of time. 

2.6 · Model Structure Adjustment 

It is assumed that for any st~te ~i the alternatives Vil' ••• Wi r 

are samples of a continuous control variable ui (~i) and that parameters 

~ik(Vik) are samples of a continuous variable ~i(ui). Then for minimum 

cost operation of the automaton model, one of the discrete control 

alternatives must be made equal to u!, the value of ui which minimizes 
16 

~ 1 • Suppose the control alternatives constitute an ordered set in which 

vil < vi2 < ••• < vir· When pis uncertain, ,& first approximation to 

optimal control quantization is obtained (under the assumption that g is 

at least a locally unimodal function of u1) if Vis is an interior member 

of the set "'i -{ vil ... "'i .... }' or is at a control constrain:: b nda-::-y . 
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To attain this goal, the structure adjustment loop in fig. 1 adjust~ 

the quantization of ~ adaptively. If s(i) • 1 and Qi is less than some 

thr eshold value, say 0.5, the range of ui spanned by the set Vi is shifted 

by adjoining a new quantum level yiO < v 
1 

and deleting the maximum control 
- i . -

level Vi r· Matrices M, P, and B are modified, the rows of M and P 

corresponding to the new decision state being set by some a priori estimate. 

Similarly if s(i) • r with probability greater than 0.5, the whole range is 

shifted in a positive direction. ~ this way the control range for each 

state ~i "creeps" either upward or downward until 1 < s(i)< r or a control 

constraint is reached. When this adjustment procedure is complete, more 

sophisticated methods of stochastic hill climbing
17 

may be used to determine 

an interpolated value of u~ , so that asymptotically a control input 

vis • vis • u~ is selected. 

A further structure adjustment loop may be added to modify the 

quantization of x. One way of achi~ving efficient state quantization is to 

vary the intervals covered by states ~i until the steady state probabilities 
18 A 

of occupancy, ~i' 

directly f rom the 

are ·all equal. Estimates ~i(n) may be obtained on-line 

Nth row of matrix Q-1(n), and the intervals adjusted 

accordingly. Because ~l' ••• ~N are functions of the control policy, this 

adaptive loop should be placed outside the control quantizing loop. 

3. SIMULATI~ RESULTS 

3.1 The Process16 

Consider a heat treatment process involving an endothermic reaction 

for temperatures below 800°A, and an exothermic reaction for higher 

temperatures. The process dynamics are 

where 

x(n+l) • x(n) { 1.005 + 0..015 tanh [ O.l(~(n) - 803.446]} 

+ 0.00333 u(n) + ~ 1 (n) + ~2 (n) + ~ 3 (n) + ~4 (n) 

x(n) • temperature ( 0 A) at stage n. 

u{n) a heat input (kildcalories) at stage n. 

~ 1 ••• ~4 .- are independent samples drawn from normal zero­

mean distributions with the following respective 

standard deviations cri: 

(31) 
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o1 • 0.0002 x(n) y I x(n) - 800 I 
1 

o
2 

• 0.005 x(n) [1 + I x(n) - 8001 2 ] - l 

a 3 = o. ooo5 1 u 1 (32 ) 

04 a: 1 

y • 1, x(n) > BOO; y • o, x (n)s 800 

The object of control is to maintain the t~mperature at or near 800°A, 

which is a point of unstable equilibrium. Note that the dynamics are non ­

linear and that the disturbance is a function of both state and control. 

The state-dependent cost L
1 

defines the cost in cents of deviations from 

the desired temperature: / 

L1(x(n), x(n+l)) • 0.015 [ (x(n)- 800)
2
+ (x(n+l) -800)

2
], 

X < 850 
(33) 

If x(n+l) ~ 850°, then a shutdown occurs at a cost of $28.80 and the proce s s 

is re-started at x • 775°. 

Heating and cooling effort costs two cents per 1000 kilocalories. If •· 

extremes of heating and cooling are used, a penalty cost is incurred owing t o 

a reduction :t.n .th~ expected -lifetime of the control equipment. In any case 

I u(D) I 

where 

cannot exceed 10
4 

kilocalories. Control co~t in cents is given by 
6 

L2 (u(n) . ) • 0. 002 I u(n) I + 60 ( ~~4)) 
I u(n) I ~ 1{)4 

3.2 A Priori Estimates 

For c.ontrol purposes, the a priori es timate of system dynamics was 

(34 ) 

(35 ) 

x(n+l) - x(n) + 0.003 u (n) + s(n) (36) 

where ~(n) is normally distributed with mean zero and variance lOO. The 

temperature range of interest, 750°-850°A, was divided into nine quantized 

intervals; two more process states were added to represent temperatures 

outside these limits (so that N • 11). 

Matrices B and C were calculated from known cos~s ( 34) and (33) 

respectively; P was obtained from (36). From P, B, and C the a priori 

estimate of the optimal fecJback character is tic was calculated by the 

method of reference 16. This characteristic, obtained by interpolation 

between values u~(~ ), is shown as curve A iri fig. 3. Five control 
1 i . 

alternatives, spaced at 500 kilocalorie intervals and centred on ut(;i), 
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were chosen for each process state (r • ,). 

3.3 Simulated Adaptive Control 

Fifteen hUDdred stages of operation were aiaulated on an IIM 7090 

digital computer. A convergence factor of 10 was used with the auta.aton 

control strategy of sec~ion 2.5. Coarse adjust~Mtnt of the control range, 

as discussed in section ~.6, was included, but no acljuat.ent of state 

quantization. 'lhe. reaults, averqed over blocks of 100 stages, are 

suaaarized in Table I. Program ruuni.ng time was 6.3 Jaiautes. 

TABLE I 
ADAPTIVE carnlOL OF N<lfLIMIWl. BEAT 'l'I.EA7MBNT PROCESS 

Aver!,E of Previous 100 Sta&!!· 
Stage Mean Std. Coat/Stage B.emarq 

No. Temp( 0 A) Dev'n(0 A} Cent a 

100 787.50 3.60 9.32 Taperatllr.e belov 8oo• 
200 796.62 13.10 10.63 - Exceeds 800° at n-181 
300 822.44 6.71 26.51} 
400 818.94 7.72 .22.04 T..,.-ature in the 
5·oo 820.55 6.82 24.93 vicinity of 820° 
600 822.49 6.67 28.3~ . 
700 802.83 16.00 . 14.15 Forced below 800° at n-647. 
800 789.54 2.80 7.2] 900 789.,40 2.84 7.69 

1000 789.70 2.78 7.24 Ta.perature in the 
1100 788.81 3.09 8.04 vicinity of 789°. 
1200 789.55 2.92 7.33 
1300 789.32 2.81 1'i43 
1400 790.11 2.87 6.97 
1500 794.31 3.57 4.37 Stable operation near aoo•. 

Control of tli~s process is somewhat analogous to the problem of main­

taining an inverted pendulum in ~- upright position, since the desired 

operating. temperature is a point of unstable etfuilibrium. However, this 

fact was not recognized in the calculation of the a priori feedback 

characteristic. Consequently the temperature remained below aoo• for the 

first 181 atages of operatiQn siDce insufficient beat was applied. During 

this time the feedback cbaracteriatic altered adapthely ao that the mean 

temperature increased. As soon as 800° was exceeded the unexpected 

exothermic reaction c.Uaed the operating point to . .ave up to about 820°. 

A maximum of 844.3° was experienced at stage 523, but DO plant· shutdown 
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occurred. Again the feedback characteristic altered to accommodate the 

peculiar dynamics; the temperature was forced below 800° at interval 647, 

and remained in the range 780°-800°, gradually rising again until it 

exceeded 800° at stage 1424. Thereafter, stable operation in the vicinity 

of 800° was observed; the mean temperature during the last 35 stages was 

795.6°. Mean cost per transition decreased (but not monotonically) by 

more than 50% between the first and last hundred stages. Curve B of 

fig. 4 shows that the 1500 interval estimate of the optimal feedback 

characteristic has altered signific·antly from the a priori one in the 

vicinity of x = 800: Also shown (curve C) is the optimal ~haracteristic 
16 

calculated from the tr~e system dynamics. The latter calculation shows 

that the minimum expected cost per stage is 2.023 cents. To approach 

this cost more closely, the controller must quantize u, and perhaps x, 

more finely near 800°. However the principal goal, that of obtaining 

stable operation at what was originally an unstable point, has been 

achieved. 

4. CONCLUSION 

A dual control algorithm has been presented for on-line multi-stage 

optimization of stationary discrete time long duration Markov processes. 

Simulation results show that the automaton controller is capable o~ 

adaptive minimization of a fairly general . cost function in the presence 

of initially unknown dynamics, state and control constraints, system 

nonlinearities, and multiplicative disturbances with unknown distributions. 
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· A DIGITAL CONTROLLER FOR PROCESS INDUSTRIES 
WITH ADAPTIVE-TYPE BEHAVIOUR 

By A. L. Jooea, B.Sc., Ph.D., D. P. McLeod, B.Sc.(Eng.). 

Elliott Procese Auta.ation Lt.ited, 
Borebaawood, 
Hertfordshire, 
England. 

1.0 INTRODUC'l'ION. 

The de-nlopll8nt of the art of d.d.c. has over the paet few 7eara been 

slow. ObTi.ousl7 with a powerful tool like a diaital co~ap~ter able to aake 

logical decisions about the qualit.y of control it aight be aurprisina that 

greater use ia not .ade of thie available power and flexibility-. Oue 

reason for this is that the well tried, wll .known two or three tera 

controller has proved to be adequate in procees control. 

On 95~ of process loops thie is eo and there ie little pa7-off in 

using 8117thina else. The ..all percentqe of loopa with difficult d7D-ics 

represents the onl7 field warrantiua sP.cial ~lopaent work in control 

algorithm design. 

Moat d.d.c. applications in the process industriee .ake use of the 

digital equivalent of the two or three tera analoaae coDtroller. Oue of 

the reasons why more sophisticated digital coDtrollera have uot been uaed 

is that although it is poaaible to derive fairl7 accurate plant models, the 

d7namics of process plant change aometimee unpredictabl7 as a function of 

ti.Jae. Indeed the proceae i tee lf uy change due to qe ins catal,.st or 

deposita of material altering heat and maas transfer coefficient& or ambient 

conditions and various random process changes which c&DDot be .. aaured. 

Not only do plant dynamics alter when operatina ~t a particular level, but . 

if that level is altered then an equivaleDt change is reflected in the · 

process dynamics. 

Highly developed digital controllers tuned to give responses optt.aa 

in some sense rapidly become unstable u the plant takee on some uew JDOd.e 

of behaviour. 

It is virtual17 iapoasible to predict the dynamics of proceae plant 

accurately over the operating range of the process for any reasonable ' 

length of time. 
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It would therefore --. ~t tbere ia a definite Deed for a dicital 

controller aot UDduly affected by Tar7ini d~ca, wbich enaurea atability 

throughout tbe whole operati.Dg range of the proceali aDd wbich doea aot 

require 8JJT specialiaed IDBDpo'ftr for tuDioc or operatiDI p1irposea. 

2.0 ~. 

Bana - banc controller• have been uaed for IIIUIY yeara aud quite an 

extensive theory haa been developed for detenaini.JII opti.mla awi tching 

ti.mea to give beat responses. Uaually this iuvolves plottioc trajectories 

in the phase pl&De or space and finding a beat awi tching li.De or swi tchiug 

aurface. It is a wll-lmown phenumeaon that wben me--mat ch occura between 

a phase trajectory aDd swi telling liDe then the controller output will 

chatter. Thia take.a place wben behaviour of tbe ayatea deaaad.s that on 

croaaing the ~ tching liu or surface tbe Dew trajectory ia immediately 

drhen back acroaa the ni tching li.De. Thus if the liDe passes through 

the origin of the plane or space tbe syste. state, on averqe, followa .the , 

line to ·tbe required goal. 

This ia illustrated iD Fig. 1. 

If tbe plant .d.ynaaics is s(/S+l) say, aDd the two drives are±. E, 

with I tbe plant pin and J the . time CODS·tant aDd the origin is the aet 

point, tben a +E trajectory will .strike tbe awi. tchiq liDe at a point such 

aa A. On croasi.Dg the line a ...E trajectory will clri ve tbe aye~ atate 

towards tbe origin until tbe trajectory again cuts tbe swi tchiq line at B. 

A +B trajectory will i-diately push the ayatea atate back acroaa the line 

and a high frequency chatter will occur until the origin ia reached. 'l'be 

shapea of the trajectories are, of course, dependent on plant par-.etera 1 

and. 1 , but while cha~teriq occurs the reaponae down the switching liue is 

substantially i.DdepeDdent of these parameters, and the controller effectively 

behans in an adaptive aanner. 

The optimum swi tchiq line for this ayste• is the equatio~ 

Y [ - ( IYI) ] . ..., X •
1
y

1 
E I log

8 
1 +Ef - J Y, however· in practice it is llllch eaaier to 

conatruct a liDear controller of tbe . fora, {e + aft> where 'a' is a 

predictor time constant and defines the inver.se: slope of the swi tcbiq liue. 

In tbe .process industries it is ·extremely difficult to obtain derivitive 

signal.s .ud while it is possible to calculate first order derivitives, it 
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is a prohibitive task to try to obtain higher orders. 

As illustrated in the example chattering can always be induced to 

occur when a trajectory hits the switching liue ~ choosing tbe slope to 

be greater than a minimum value i.e. the slope of a trajectory at the 

largest absolute system velocity reached. 

Another important point involves the choice of sampling frequency. 

If -the sampling period is close to the dominant time constant of . the plant 

then difficulties can occur because amplitudes of limit cycles may be 

greater than some acceptable value. 

2.1 Examination of Basic System Plant Dynamics. 

For the most part the dynamics of process plants involve either 

a series of time constants or possibly a series of time constants with an 

integration term. If these plants are driven from constant controller 

outputs then the phase plane trajectories either move inwards ending at a 

node or a focus singularity or in case of there being an integration the 

plant state will eventually be driven at a constant velocity to infinity. 

These conditions are shown in Fig. 3.1, 3.2 and 3.-3 .. 

For any positive set point chang~ then the initial trajectories 

will be those as shown. la the top half plaue the trajectories always 

move towards the positive X values, i.e. towards thP. set point. If and 

when they hit a switching line they will immediately be placed on negative 

drive trajectories. However these, as long as they remain in the top half- · 

plane also move to the right, i.e. in the direction of the set point. Aa 

long as the switching line passes through the set point then the output 

will be forced along it and therefore towards the set point. 

This example illustrates a positive set point change and the 

same reasening can be applied to a negative set point chang~. 

Changes in time constants, plant gaina _and even order may take 

place without altering this basic concept. If, of course, part of the 

plant becomes non-minimum phase then this no longer holds. 

3.0 CHOICE OF CONTROLLER CONSTANT. 

3.1 Slope of Switching Line. 

3.1.1 Plant equation is g 
s(j' S+l) 

The trajectory shape is shown in Fig. 2. 
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A positive drive trajectory reaches a maximum velocity 

value of Eg. At this value the slope of negative trajectories is given 

..._ j! .k...:tJ. 
u;, dX • YY' 

2 -p 
Siuce the slope of the trajectory is always greater than 

this, then with this slope of switching line on, off chatter. is guaranteed. 

3.1.2 ~lant equation is · ( j s.l)'(r S+l) 
1 2 

Since this transfer function has no integration term then 

the trajectory shape alters with X. In the case where the plant is m~ re 
/ 

than critically damped the shape of the trajectory is as shown in Fig. 2.1. 

This c~ be split into two parts corresponding to the effect of the eigen­

valuea. 

The first is for large values of velocity where the lines 

are alaoat straight. aDd ·parallel and the second is the colllllon run-in line, 

down to the abscissa value into which all trajectories merge. 

It is suggested that the maximum value of linear velocity 

feedback -that oeed ·be considered is that given by the inverse slope of the 

switching line parallel to the trajectories at large positive values of 

velocity. 

This can be derived as 

critically damped system. 

Jl. J2 
7 1 + T2 which is equal to ! for a 

It is interesting to note the difference between a first 

order system - either r 1 or r 2 is zero - and n second order system with 

one of the time constants very small. 

If r 1 • o, T 2 = 40 say then the switching line is 

vertical in the phase plane' but if r 1 "" 1 and r 2 = 40 then the switching 

line slope is approximately unity. Hence, a change of just one second has 

the effect of rotating the swi telling time through 45 °. In practice so 

called first order systems are nearly all of this type. 

3.2 Value of Drive Force. 

For best response to se.t point changes and process disturbance 

the drive force used should be as large as possible. The limiting factor 

in the choice of the drive is the accevtable amplitude of tbe limit cycle 

experienced around the set point. The amplitude X of this limit cycle 
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can be defimed theoretically in tbe followiac ~· 

a ) Fir at order plapt with • 4et4Y.. 

Plant equation is X • rS:.1 

If .:t Xi is the iDi tial position of X tbe equation becomea 

r (stx...xi) + J. X • ~ 

or t 1 + isx. 
X • s(r s...l)1 

Taking the iDYerH traDSfoi'IR aDd beariJII in ld.JIIl tbe ~try of tbll 

l iadt cycle, it .caa·be ahown that the peak lt.it cycle a.plitade is 

x • +i taDh t/2) 

b) SecoDd onler p1ant rit.h D9 d!adt,iJM. 

Plant equati on ia X • s(,fA!l) 
I n a ldllll8r sillilar to tbat ued for tbe firat order ayate., expreaaion 

f or the aapli tade of the l:iai t cycle cu he aboWD to be 

I • I J log e 
~ 

where D. il a poai tin intepr. 

per li.ai t cycle period. 

Thia •aa that 2 nf aa.plea occnrr 

c) S.copd or4tr plapt. 

PlaDt equation is X - <r lS+~)fT 28+1) 

"!or thi a plat equation tbe liai t cycle upi Wde 1• giftD by 

at r1 
(.taDh 2¥1 + 1) 

J, T1 + T2 
l 
I 

(tanh At + 1) 1' 2 . 
-272 T1 + -r2 

-1 

4.0 ~. 

Two ~~e tboda of tum.ac the controller mutt be nd depeDiliJII on nether 

t he !ey'Stew has· iDbereDt i ntegration or Mt. Systaas ri.th inWp-ati oD &1-. 

ea!tj l :r oiJliaed, &Dd are t o be foaad in #~~Ill ch.cmieal reactora . If th 

ays'tl lw.a i~tep-ation in it tben tbe dri,.. foree& ... t be oppoaite i a sip. 



'fbe aiH of theM dri n force• depeDda on tbe nature of tbe proce .. ; if the 

proceaa 111'11D8 ...ay• iD 2 m:i.DUtea or & lli.DUtea then the drive IID8t be cho .. n 

for the nrat caH. 

In the cue of pluta ri th DO intep-ation a baDd roUDd the aet poi.Dt 

abov.ld. be choHn aay % 1~ for the dri n force a. If the aet point ia 

cbaaae4, tbia 'baud could be IDDV8d au:to.aatically with reapec:t to the Dew aet 

peiDt Tal.ue. 

!be elope of the ni tclaiDg liDB haa been foUDd to be aenerally 

applicable to 110et aituatioDS when the predictor time coD&taDt take• a 

Tal• between 5 8Dil 10. 

Bowenr u eatt.ate can be made for the JIUimJa elope of the li.De 

uinc tbe theoretical approach deacribed in Section 3.1. 

By uiDI Pia•· 4.1 and 2, aDd lmowina the -.n.u. a_llowable li.ID.it 

cycle aaplitude, a Tal• of drift cu be calculated. 

If the a .. pliD& rate of the controller ia such that tbe control 

ele•nt, e.g. a valve, aovea slowly ri th respect to one aa.ple period, 

then no pro.ble11 exiata in calculatinc the value of dri-re. 

5.0 BESVLTS. 

Step reapoD&ea have been obtaioed couideriug three types of plant. 

TbeH were a predomi.D&Dtly first order plant, a plant with two t~ coD&tanta 

aDd a second order plant rith an integration tera. Figs. 5.1 and 5.2 show 

aD array of atep reapoD&ea obtained for plants with dyuaaics g.e -DS 
<r1s..o<r2s+l> 

SiDCe ·~ plants in the process industries have approximately first 

order d;ynaaics then for this first caser 1 was made equal to one secoDd and 

a range of r 2 was COD8idered from 10 to 60 seconds. Deadti:De of 4 aeconda 

was included in some of the runs and for the most part did not degrade the 

reapoDSea. ODly with r 
2 

• 10 did the dead time eauae the limi ~ cycle 

amplitude to become noticeable, The responses &re ·all well-damped with 

no overahoot. Changes of plant gain were tried but these had no ~at 

effect. All the responses in Fig. 5.1 were obtained with the identical 

controller ri th a time constant of 5 seconds. 

Fig. 5.2· shows the curves obtained for a system ri th two time constants 

where)'
1 

• 10 seconds. )' 
2 

was varied .from 20 to 60 seconds, Again, it 

can be seen that all the responses are we~l controlled despite the range 



of variation ofy 2• Deadtime of 4 secoDda was included in some of the 

runs but again had little effect. The controller was again fixed for all 

the ch&Dges in dyDalaica, also with a predictor time coDBtant of 5 seconds. 

Gain changes have little effect and the system stability is ensured with 

well-damped control. 

Plots f or the results from the third system are shown in Fig. 5.3 

where the controller is again of fixed fora with a time constant of 15 

seconds . Plant dynami cs of this sor t sometimes oocnr for · exothermic 

reactions . Deadtime of 1~ of the plant time constant was i nc l uded and 

t he plant gain chaDged by. a f actor of 4. Only with both of these factors 

i nvolved did the limit cycle amplitude reach a valu which Dl:ight not be 

acceptable. 

6 .0 CONCWSION. 

A different approach has been proposed for d.d.c., in the process 

i.cdustry. The major advantage of it is that control is to a large degree 

very auch insensitive to larce variations in plant dynamics. Also the rate 

of approach to a set point is a fuuction of the controller and not of the 

plant. Tuning of the controller mainly iuvolves the choice of · tbe switch 

drive forces. The range of choice of the predictor constant is narrow and 

should be very easily selected. The higher the _ sampling frequency, the 

better, since the plant s tate then has little opportunity to move far away 

from t he switching line , before the next sample can take the necessary 

correc t ive action. In this paper it has been assumed that a sampling 

per iod of a second has been used and dominant plant time constant s of as 

low as 10 seconds have been shown to work satisfactorily. General ly 

speaking though, the h igher the ratio of plant ti.Jie constant to t. ampling 

time, the better the quality · of control. Now t hat solid-state multi­

pl exers are becoming more common place in process control computers, with 

sampling rates of say 3000 channels per second, then faat sampling should 

pr~ i de li t tle difficulty. 

La tly , wi.th thi s type of control , a simplification of computer out put 

per · p era.l qnipment could arise. I n the eimple&·'- case the contro llt" 

d. : w... ~ wo d onl y need t o be output to a changq,-o,~er sri tch. Consequently 

JJ'i) t "'ob . Z'..a wuld. occur with lll8DU.al to auto-traaa t~r s i nce if the wrong 

i: e>n o l eeted it nuld only requi re v. per i od of oue samp.lE' time 

t Q e !*~t h~ Grr•ct dri~ G 
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NOMENCLATUllE . 

g i s steady-state plant gain. 

s i s operator d/ dt, where t i s time . 

1 ' s are plant time constants. 

y 

a 

e 

tx 
X 

T 

D 

~ 

. dX 18dt 
is predictor time constant. 

is set point - X. 

is the Laplace transform of X. 

is the peak amplitude of X. 

is the computer sample t ime . 

is plant dead.time in seconds . 

is - T/-( 
e 

Subscript p refers to sampling instant 

and m is the number of samples of dead time. 
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A.ppeDdix. 

'l'he reaul ta fro. this work were obtai.Ded using a aiJmlation prograa on 

an Elliott 903 computer. The equations uaed in the computer nre obtained 

b)r taking a tranafonu of tbe analogue plant equations. 'l'heae are listed 

below: 

X • 

X • 

X • 

~ X + (1 - ~ )g.E 
p ~ 

gi'ring 

xp+1 - ( & 1 + r 2) xp - '1 ~ 2 xp-1 

+ [ &1r1 -c2r2 -r1 +r2] E 
2 - 1 p-a 

E -DS 

~~r ;+1) giving 

~+l • (~+&)xp-~xp-1 + [T-T1(1-&)JE~ 

- [& T - r < 1 - s > J E p-1-m 

(1) 

(3) 
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SIMPLE METHOD FOR THE RAPID ·SELF-ADAPTATION 
OF AUTOMATIC CONTROLLERS IN DRIVE 

APPLICATIONS 

Summary 

W. Speth, Siemens AG 
Erlangen, W. Germany 

I 

~he author des~ribes a method of adapting the controller 
gain automatically to the controlled system and, at the 
same time, to the frequency range of the input signal. 
The oscillograms of Fig. 4 are c~aracteristic for the 
application of the method. 

A particularly simple case of the method in question is 
logarithmic control which, however, can be used for 
certain types of controlled system only. 

Application of the method is described by way ·Of two 
examples taken from the field of drive engineering. 

1. Problem 

There are two main reasons for employing adaptive control­
lers for drive applications, namely 

1. The desire to relieve the engineer from the 
task of setting the controller parameters, and 

2. The necessity of contro~ling controlled systems 
whose parameters vary with time. 

The aim is to construe a standard controller which will 
adapt itself to the controlled system in such a way that 

the closed control loo.P assumes a pre-determined transfer 
function. The investigation showed that the controller can 
also be adapted to the ·input signal by simple means. 
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The author limits him~elf to the case where, in addition t o 

the gain of the controlled system and additive disturbances, 
all the parameters of the. controlled system are known. This 
case is characteristic of most automatic drive controls. 

Bo use is made of test signals that might disturb normal 
· ~peration. The controller is adapted to the controlled system 

by means of the input signals existing in normal operation. 

2. Choosing a suitable structure 

Ev~ry self-adjusting system contains an identificat ion 
system, though sometimes in rudimentary form, which supplies 
the information necessary for setting the controller. 

Depending on which part of the system is identified, one of 
the structures shown in Fig. 1 abc) is obtained. The decision 
rests between these structures. 

With the arrangement shown in Fig. 1a), the closed control 
loop is iden~ied. Contrary to the two other cases, the re­
sult of the identification can be made independent of addi­
tive disturbance L since this disturbance is not correl~ted 
with the input signal of the identified system. 

The arrangements shown in Figs. 1b and 1c, on the other hand, 
have the advantage that adaptation is nb t only initiated by a 
change in the command signal, but also by changes in the load 
or controlled system parameters, for all these changes result 
in changes in the deviation and correcting condition. This 
permits renewed identification and, consequently, ~ontroller 
adaptation. This ia such a great advantage that the arrange­
ment as shown in Fig. 1a can be eliminated. 

With arrangements as shown in Figs. 1a and 1b, controller 
adaptation is a closed loop process, whereas an open-loop 
process is involved in lig. 1c. In the case of closed loop 
adaptation it is not necessary to . determine the sys t em para-



meters completely; it is sufficient to ascertain whether 
they deviate from the reference values. This 2 an be done 
with a simpler identification arrangement than required for 
open-loop adaptation. 

In the case of arrangements with closed-loop adaptation, the 
co~troller parameter~ may be adjusted slowly only (except in 
the case of highly sophisticated arrangements), otherwise 
identification would be disturbed. With open-loop adaptation, 
on the other hand, identification is unaffected by the ra te 
at which the controller is adjusted. Since particular impor­
tance is attached to quick-response adaptation, therefore , 
the arrangement shown in Fig. 1c is chosen. 

3. Identification 

Identification should take place as quickly as possible to 
permit the controller to adjust itself .at a rate that will 
prevent an initial unstable setting from having any effec t . 

Considerations are limited to linear controlled systems with 
t he general · structure shown in Fig. 2a), or a simpler struc­
ture developed from 2a) by omitting individual system ele­
ment s. An example of this is shown in Fig. 2b. 

The only signals capable of being measured are those repr e­
senting the correcting c ; ndition Y(t) and the controlled con­
di tion XM(t), t~e latter consisting of the system output X(t) 
and additional noise n(t). Let quantity L be an additive ran­
dom d i sturbance signal whose influence ~n the controlled con­
diti on i s to be reduced by the controller. The second disturb­
ance signal forms the unknown contrqlled system gain K~ whi ch 
has to be identified for adjusting the controller. The rema in­
i~g parameters of the controlled system and its structure ar e 
known. 

The f ol lowing can be read off from Fig. 2a): 

Zp(t)+l =~ 
p ( 1 ) 
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Let it be assumed first of all ~ha~ disturbances K and L ;; 
change only slowly; by differentiation of ( 1.) the follow-
ing then applies: 

( 2) 

This formula is suitable for determining Kn ' provided suit­
able equivale~t quantities can be found for variables ZP (~) 

and x(t) which cannot be measured. Fig. 3 shows how identi­
fication can be realised together with the entire control 
loop. 

An equivalent substitute quantity is obtained for ZP(t) by 
filtering the correcting condition via a simplified model FM 
o£ the part of the controlled system FP (cf. Fig. 2). The 
output variable X(t) is replaced by the noisy controlled c~n­
dition X.M(t). 

The measured·values ZM(t) and Xy(t) now have to be differ­
entiated. Since differentiating elements cannot be realised, 
the frequency response of the differentiating filters is giv~n 
a denominator other than one, but is the same for both filters. 

The signals thus processed are referred t~ as ZD(t) •• and Xn(t) 
and replace the non-measurable \ariables ZP(t) and X(t). 
Equation ·(2) could therefore be written 

(3) 

However, it would not be practical ·:o calculate Kw from 
this equation by means of a fast dividing network since 
ZD often disappears. A divider with me~ory . is t herefore 
used which retains the result of the prGced ing cal culation 
a~ its output when small signals are appl i ed ~c its input. 
Division is performed by a clos ed con~rol loop which slow­
ly adjusts the produc~ Y-.ZD to tne value XD (see Fig. 3b) . 

JJ1 • 
In order to ensure that thi~ loop alwa s has a ne ativc 
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feedbaQk, the sign of the deviat~on must be changed over 
as a funetion of sign ZD. The following equation then 
applies: 

or 

xo -ll •• , 0 • .l.. r 
-·~ "M sign zo 

~-ll ... l( _r_ 
zo -·'M~ M lz ol 

(4) 

The factor ----
1 

T 
1 

indicates the rate at which ~ adjusts 
zo . 

itself. At lzol-.o this factor approaches m and ~under-
goes no further change. 

When the amplitudes of ZD are greater, the fact that the 
rate at which KM adjusts itself is dependent on lzol can 
be a source ·of annoyance. This can be avoided by employing 
the control loop shown in Fig. 3b for forming the quotient 

;g . In this case the loop is not only adapted to the 

sign, but also to the amplitude, . of Zn· The adjusting time 
of the loop thus becomes constant: For Fig. 3b equations (4) 
are therefore replaced by 

and ( 5) 

For very small values of ZD' however, equations (4) still 
apply, as can be seen from Fig. 3b. This is necessary in 
order to guarantee the memory effect in the case of dis­
appearing input signals. 

For praqtical purposes the additional hardware oth~rwise 
required to obtain an adjustment rate independent of the 
amplitude is generally not necessary. Fig. 3a will there­
fore be taken as a basis for the following considerations. 

The error resulting when the equivalent . variables Xn and 
ZD required for calculating~ do not coincide with~ and 
Zp will now be considered. 
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The following applies xo=~•g=x•g•n•g 

zo =~g=zp•9·4z•g 

where ~Zp+AZ 

( 6) 

The convolution with g( t) = ~ -1{1.pA:p2 } descrl. bes the 
unwanted signal deformation caused by ~e denominator in 
the frequency response of the non-ideal differentiators. 

By substituting (6) in (4) we obtain 

(x•n ).Wg= KM(Zp•6z l• g•KM slg~ zo 

Dividing by ip• g and combining with (2) this yields 

K • ~ -K (1+ 4·zwg )·~ T 
P ~ - M zp *_!__. ZpM-9 s•gn zo 

. ,, 2 3 
. ( 7) 

Since n is not · correlated with ZP summand 1 due to noise 
has little effect, for its mean value is then zero, and ~ 
cannot follow the rapid changes of this component if the 
time constant T is large enough. 

Component 2 is determined by the input signal and the degree 
of approximation of filter FM to the frequency response Fp• 
Measurements carried out with the analogue computer have 
s~own that the mean value of this expression is negligibly 
small in the case of a witable approxi~ation (see the 
example described in the following section). 

Component 3 influences the adjustment rate only, but not 
the final value. 

The method of identification describe~ is similar to that 
proposed by Marsik1 and also investigated by Parks2 . How­
ever, the gradient system is not employe·d and the quality 
criterion applied results in a lesser dependence on 
amplitude. 

.· 
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Fig. 3a shows how the controller gain is adjusted- ~s a re- . 
sult of the identification. A divider, which divides the 
controller output by the identified controlled system gain 
~, is arranged on the output side of controller section C 
with fixed parameters. 

4 •. Example: Automatic speed control 

The following contains a treatment of the results obtained 
by measurement in an automatic speed cont _ 1 system for a 
d.c. motor. 

The controlled system is as 'shown in Fig. 2a. The system 
element FP represents a sub-loop for torque which, in the 
example, · has the frequency response 

1 + pA•p2£.p3A!O . 2 8 
A:30ms 

ZP(t) is the driving motor torque and L(t) the · braking load 
torque. The unknown gain KP is inversely proportional to the 
inertia mass of the motor together with the driven ~achine 
t o which it is coupled. 

The controller with identification and compensation is ar­
ranged according to Fig. 3a. 

The controller is .set in accordance with the symmetrical 
optimum specified by Ke.ssler3 and has the frequency 
response 

c l•oA ls 
pA A 

The model FM of the sub-loop for torque FP required for the 
identification only simulates the equivalent time constant 
of the sub-loop and has a frequency response of 

The complete control system is analogue • . The multipliers 
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are very sim~le and operate on the principle proposed by 
Widlar and Giles5. 

Fig. 4a shows the oscillogram of the speed v(t) and the 
identified value ~(t) after the drive has been switched on. 
The controller was set to a fixed value beforehand and the 
load is constant. The speed that would have resulted had ~ 
had the correct value Kp from the outset is shown by a 
dotted line. 

Fig. 4b shows v(t) and ~(t) in the event of a pr~nounced 
step change in the load. It can be seen that identification 
is falsified at first if the load changes. However, subse­
quent . corrective action of the controller in response to the 
load change once more permits correct identification. 

I! neither the command ·variable nor the load change over a 
prolonged period o! time, the value of ~ changes due to the 
drift of the analogue memory. By applying a constant bias to 
the input of the memory for ~' the latter can be made to 
change slowly towards zero if no control action takes place. 
The controller g~in thus increases ·steadily until the control 
loop becomes unstable. The resultant oscillation of increasing 
amplitude initiates a new identification, with the result that 
Ky increases again. 

Pig. 4c illustrates this process. As can be seen, the speed 
amplitude occurring is sufficiently low. 

Fig. 4d shows how the system reacts to a step change in the 
load when~ is too small. A comparison with the dotted 
curve shows that the adaptive system is superior to the 
fixed-parameter system he~e. 

Slight changes in the load are corrected with higher gain 
than sudden large load changes or step changes in the set 
value. In this way the controller gain also adjusts itself 
to the· input signals. The maxim~ possible gain is determined 
bJ the stability limit and is reached when the input signals 
remain unc~d· over a ·prolonged period of time. In the case 
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of a fixed-parameter controller s,uch a high gain would not '9e 
permissible because of the tolerances. With the self-adjust­
i ng cont roller, on the other hand,. stability is not jeopard­
ised since, as shown in Fig. 4c, the slightest control action 
in the control loop once more reduces the gain. 

s. Logarithmic control 

I n t he s pecial case of the controlled system shown in Fig. 2b 
the method described becomes a logarithmic control system. 

Instead of equation ·2, the following equation is obtained 
for the controlled system in Fig . 2b: 

Zp(t)Kp=X(t) 
(7) 

or, substituting ZD' which is formed with the aid of the 
simplified model FM of the known part of the controlled 

system FP' 

K _ x{ t) 
M- zoCt) 

(8) 

Fig. Sa shows the identification, including compensation, 
realised according to this f~rmuia. Division can be 
effected direct in this ca~e (as opposed to Fig. 3), pro­
vided the operating point Y(t) = Z(t) = X(t) = 0 is 
excluded. 

The two loops obtained in Fig. Sa can b~ separated even 
furthe r from each other if the dividers are represented 
by logarithmi c and exponential characteristics with sub­
~raction points (cf. Fig. 5b). The inner of the two loops 
shown can be approximately replaced by a two-term cont roller 
proportional plus integral action) with a frequency response 

of ?C and f ollowed by a function generator with exponential 
characte~is ti a. The approximation applies for small values 
of e. The s ngle-loop arrangement shown in :E'ig. Se is now .. 
obtR ·ned. In the case of. the example of .the aut oma ~ c speed 
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control ~~n ~ne arrangement snown in Fig. 3a, a correspond­
ing modification in the structure was not possible. 

The arrangement according to Fig. 5c can also be found more 
quickly directly by trying to compensate the two character­
istics in the CQntrolled system. In this way, the exponential 
!unction r 1 is compensated by its inverse function g1 and the 
logari~hmic !unction f 2 by its inverse function g2 • (In this 
case compensation is disturbed by the interposing part of the 
system lp, and applies strictly for _low amplitudes only). 

Such a logarithmic control can a~so be derived !rem the 
algebraic methods according to Oppenheim4 if these are 
applied to control problems. Realisation of the controller 
shown in Fig. 5 is particularly simple since exponential and 
logarithmic !unctions are available in the form of the 
transistor characteristics between the base-emitter voltage. 
and the collector current. The proposals of Widlar and Giles 
are also based on this principle. 

The automatic control of the strip tension on a coiler is a 
typical example !or the applicatio~ of logarithmic control. 

The_ set-up o! such a control system is shown in Fig. 6. 
The coiler is driven by a d.c. motor whose current is 
controlled by a sub-loop, the system Fp in Fig. 5. The 
primary loop controls the logarithm of the strip tension 
which is measured by means of load cells on the bearings 
o! a deflector roll. 

The signal !low diagram of the controlled system is as 
shown in Fig. 2b. Here the reciprocal of the changing 
coil radius corresponds t o the unknown gain, for xr = ZP, 
neglectin& the elastic oscillations • 
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О САМОНАСТРАИВАЮ'ЦИХСЯ QIСТЕМАХ ИЗtlEPlliИЯ 

· ИСТИННЫХ ТЕМПЕРАТ-УР В. ОПТИЧЕСКОМ ДИАНАЗОНЕ 

Институт металлургии им.А.А.Байкова АН l.ivCP 
т\а~ОЙ проМРJd пираде-rршt ~ JЮЕеlШе 

RO'rO}jOЙ OOJipfШe80 С цpmmиmra.Jl'I.НЪllAП сrрудзОС'rЯМИ • JIВJШeiJIOЗ 
измерение по ИЗJJУЧешш 'fame~ -zе.па..цучеиоцускательпаа 

опоооdпОС'l'Ь ~ ~ n процеосе и:ше~ 

Hwtorop:ш успехи :в реuении :not1 с-.rопъ вашой IIp0<1I!er.1U 
до сих пор УдАIЮСЪ ПО.ЦVЧИi'Ь JШШЪ ддя из.пучтеJШ.~оверхлост:ь 

ItO'lO,POl'O ~ дD.i(JYЗНW WIИ зepnauъmm ОТрадеlmе.tа.П~­

~ закоцу .JiaOOep.ra. 

В ЭШХ CJ!3Ч8SX Пeдoorcilllr;ш ИВjopJanJш О JIYЧВUCIIYCRa­

:reJIЬНoil саоообиоств па.цvчаетса or допо.шште.пыюrо ПО'l'ОШ1 
.цучпоrой sneprшr ~ иотосuшка. ~ой пов~­

ноо:ью изпучаNJШ! •2 

. · в3•4 JUШ IIO.lWЧвmш нед~ mr:юp aumт ИСПОJJ.ЪЗУ­
етса ПОJI.С11ИЗ8ЦIШ из.цvчешш ме'.r&1ЛИЧескоrо зer.JRaJia. 

n 5 6w10 показаво .. ч-ю в nрсде.iт.ах сцравед;шDос-:и Qop­
tr:JJШ AIJ'i~.- звачешш ПС'i'ШШОЙ 'l'C!JIICpa~ ~~O~J'l биТЪ оrrре­

ДС.1ЕШЫ ОДНШ! ИЗ ШТОДОВ ~ ПО ОТПО~С».W pao­
IIp e,I;;eJ"'amiO СПСШТ!k'\1tЬВОЙ П.ПО'lНООU ЗВСрl'ИИ lfeliЛOВoro ИЗJIУ­

ЧеiiИЯ .. 

Одшшо s~ Метод JI]?IВ1АПИМ .пищь э облаСD дос-rаточnо 

liИЗIOOC ~e:pa'l'YP• 

В6-8 6ылJ1 ПOimМJDI WШO'lOIJ;Ю НОВЫ& ВОЗЫОIШОСШ ИЗt~ 
рсшш ИС'rИПlШХ тешератJР при измев.якцейсш z~ельно.й 

спосо6нос-ш. оспо:в:эшше на ИЗЗJЮченшr дoпa.mпrre.пъnoil иn­

r.)op.~. и:m.шшаемОil пеnосредст:nенно из потока пеw1ЗХрО!.:а­

тичсС?:аrо ИЗJt!Чеви,gЭ ва ОСН<Ше нafrдeВiio! ваrш в~opoii 
uo. !Вой фо~ш Jвспреде.пени.СI спеъ.--трапъвой ll.iiOШOCS из.nучехmя 
Bпna-I~~ 

n э'ШХ работах показано. Ч'lО хот.я опреде.шm вепо­
СI.€J:;с~ошiо no nеличине nотОI~ав соост.вешiаго из.пучешш 
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з:на~ешш пстшшой ~:.шерат.nш и .пучеиспус:кате.льпой спооо6-

но\}п иевозыошо. :распространенное :в оптичесшой JIИpOI4etzpИJt 

и астро.,jпзических измерениях ПОJЮжевие о иевозможвооп раз­

~е.пъиой Otf 1'etmepa!fYpн оцеша~ ВJIИ.ЯВИЯ и3.ЦУЧ8'1'еJIЪИой споеоб­

иосп на :резуJIЪта!' измереmm потока собствешюrо lfeWlepa­
'l'Y.PROro из.пучеmm. хара:к-rеризуеаоrо расшредеJiеВИ~ .вина­
~1Ша1 охазьmае!fаа ве :t:cerдa коррекТЮD~. 

Рассмотрим Be.RO'rOpyiD фо:ьцу СПЕШТра.пы!оrо распреде.пв­

ШШ We. ( 1i, Т ) • которая па.цучае!'са из распределения 
сnЕШ~ой п.nomoC'fИ a6cOJIJDilRo червоrо rе.па &. (Ji,r) в пре-: 
дe .. i"IaX справедливОС'l'JI прп6.тmеmш вина, eCJI8 зваЧевия шшдой 
i -й сп~ой KCIШaнeJ-r.m ИЗO'feiJ8bl при rешерат:fРе 'r воз-
вести :в степенъ с похазате.п€8. рf'ВНЫМ ее .ддиве .во.пвы Ai 

W, (Ji, Т) = ~.Ji ( J;., r) • ~/,. ~i-5.4; ежр (- ~~) 
Здесь ПОС'lОSППШе Cr • 374IЗ.Io4 :&r см-2 • JII\II4 и ~ • 

= I 4388 шм 0к. . 
Ва·:mая осо6еШiооп по.пучепноrо сп~ Wo (А;., Т)- QIICY'!­

c!f.Виe смещения ero 11аК0J1МУМ8 с !fемпературой • .дJпmа во.mш, 
при которой фушщJш Wo ( Ai , r) иr.reer максимум, равна ~- = 
= 1 е 905 МЮ4. С.Ле_дО'.ШИеJI З'f'Oro ~ Вез&ВИСИIIОС!'.Ь O'lВOOИ-
'feJIЫIOI'O спектраJIЬНоrо распредеJLеввх 11. ( J&, Aj, Т) • 
• К{, (J&, r)Wc, ( ~j, r) O'f 'teWiepaтns. J[.ml aCScOJID!ВCi . черво-

rо rе.ла (Ji-Jj) ( J ~i }s 
Ro (Ji,Aj, Т) .= · ~t jf 

При .ШШХ звачевJIS% i • j 
a11(J r ~i, ~j, r J/ ar =D 

На рисувхе приведев rpsl)п uвисимосs 

f!л Ct, А& АГ SJi а f { J J 
Очеэидио, по дда по.пучешш звачевd . ln w. (~i, r) в 

зависгd.!осп O'l звачевd ~epa1'Y1Ji Т каждуl> ордива~ ву:жио 

yr1eRЪimmt ва ВеJIИ'lИВ3 ~/Т~ ПракпчеСD •~ озвачае~ иа~ 
леJТ'ЬНЫЙ сдвиr кривой ва rpaфmte. 

д.zш реа.1f'ЫШХ ~ рассшО!'реШlое выше JВспреде.вевие бу~е!' 

имеп. :aJUt _ _ _ _ 

W(~ё,Т) = o<A'(i)8o '(А;,7')~ о<'~;(~ё)Wо (li 1 r) 

rде~=- ~(J)~(J) - n~O'lO~ ~. zзpS.ItТe~ сшш-
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~ое расщредеJiевие IWЭ'~ :.шхиеп-n ;;:rteИcriJcкa~e.:ыi~ 
CПOOOOВOO'JSil ё(А) ~ И R03)~aщzetm~ ПJ:)OЦ7Q!YЗEptg про­
r~е~ТОЧВОЙ ореды (JШJliR8a aJiei4CВ'JU OlmNeCito:li аш:~); 
ОчеБИДВо, чw ОIВ<DШИе ~ пар:~ xa.шarien':CIВ (i -i • j -й) 
pacnpt:дeJ.I8Шlfl N(~,J1~r) '18Пд8 не 6уде'l зависеж. ow J81Пepa-
rr:/pUX , . ol J& (А,} . 

R(A;~Aj) = «' ;~1 (Jj) 
Вtшо.пвевве рше1Ю'1'.В8 R(J;, Jj) о R. (Ji1 Jj) J1111 Z"(Ai) • 

:: 'Z"'(Aj) а I SIВJ1ЯВ\'Cil авоео61*3'МI кРп'ериt~~ 8adoo>•aфkJI . 
че:рнО'аl• вз.иучввва r ol ( J;) = ol (J J) = 11 , эа J!СВ.1!1ЯеШ!е8 щ­
чаев, коrда 

o(J'(AJ =о( Ai (Aj) • во о( (Ji) ~ o((J;) 
)Js ~ • б0188 каа:tСIШ:В'!ОВ aпeJrflll. ( i' jl к.. . ) • 

чaorom к~ V ~ С0/~ 
удов.п~~'ЭОраDf ·YQlh?МI) j~i •f ~· (J11UAE* _ваеrда i. ,J .J ), !&К 
i38 r.~o·:зto ПОЛ$ЧНЪ 0'1'В008'16.1Ъ808 l&спрем.левм J. ( J;, ) j) , 
DеJШЧШJа ltQifOpot'O В преде.пеz ~ 1118бшшева11 
liШ1a Щ)СД~ 10ШаШ) ~ . о( ( J ) • ()11 вше-

.. атуга пе завиаn.-.. 
РаспредеJiе~DШ Оtи в o6Q3a щvчве t1:/~'f ~ 

вuразGШ1:1t1И ~ 
!J S(J,~r) С', 11 g;,-s at(Jt) 

L {A;,1j)= =j б(J·i) = с.'# ;:s ~(~j) 
./ 'J, ' . "".t / J 

гдсРu G -oO<.'!'IВO'ICr.metmO 1IOШN8c'D8 ODeP:-tpa.цъmxx кашwеп-
'fОD В Ч.l!OJШ'leJJВ И ЗDШ.Jeшrt&J18. 

н -s 
1 ( 1 • А . ) - {l А; с ( Р- •J 
/.;о l't 1 J - А' J ~5 ~ 

1 J 

В часшш о.луч.ае ttpex RСI.ШОИЕШ'l, чac'l'OS RO'fOISX удав­
:·етвоРfiЮ'f ooomane!ID) ~, • ~~ + ~ ,д.пя абсОJШ!Rо чернаrо !fе­
ла моЮiо шшисаn: 

:i: . 1 .n доl(А) /IJ.J - = tГ .. . 
хх . Ot!c:з•~j.";UO• ЧТО fЛО::ШО соз;.авгl'Ь 121 ~ ВИД О'i'!Ю~r:е..ць­

ш:: Х1сrг.~-еhе.лсшш (удо~е':'Зоуяs:I:ДХ у~-zов,пю н .... ~:!сn-
. ... ?:. от TGI:;ae~ .. a'Zi .JU (о...:· ZJ . 1п;n 1:< на z:cr.iO~po~~тн:; 

or.:':~r : ~·..; .!!t:1X ':.'lma R :t t • 
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1 (.J ~ J ) о( ( ~~) Dl ( J~) 1 (J' J 1 ) 
"'· ~, .z, .s = J.(J,) k • . ~, ",,..J 

Э!о tte отВосите.п:ьное раапреде.пение ДJШ pea.uaoro МJIВ Jllll­
мe-: вид: 

L (J,,A,,A,)· "'r:>~;:,> 1.. О,. ~ •• ~3) . 

А.наJiоrичво д.ш1 четырех Rt1Шавепав. 'l8cmml R<Ж>JSX 
удОВJiеТ:ВОр.ш7f СОО'ШОШЕШИJ) 'll +. ~~ а ~J + ~. 

l IJ J ) _ (As А• )5
• t IJ J) «'(Jt)~(J,) ( 1) 

0 Lj1,··· • - A;J; ~ (4t1 ·_·· t .. ~(J.)d'(J.) t. A1, ... At 

ВШiолнение у~овия i (А,·, J j 1 • • • ) ~ t. ( ..4;, J i•. . ) при 
oд1!IlaAo:aca чuсле состав.шшцих апек~ в чи~ и зваuепа­

теле ОТНОСИrеJIЬВЫХ распреде.nений ~ J, ЯВJШе~ крперием 
серого хараRтера изщчения д« (AVo J = о. lcit.пiRemreм .fiВJШ-
исл часТIШе с.лучаи. ДJШ RO'fOpшt при lbl(A)/ аА JI .O Вlle~ 
мeQf!O равенс'fВО произведений mrдa: 

«(А~)«(~~)= (J((~.)oi(A") . 
Рассмотрешшi1 метод извлечения ивфоJНЩD о xap81t'fepe 

"/(J) пз потока собствеiШоrо из.цучеmш эriхi>ехп:вио испо.nъзу­
ется (в ряде радиаrшошшх cиC'rell). в час'J.'Восп. в пирС*е!fРе 
д.1Ш из rеренrш истmшой теmера~ ИЗJJУЧ81'е.шi • .цучеиспуо­

ха~.лънав: спосо6ноо'.1Ъ nоверхности x~paro изме!Ше'lСJl в про­

цесое измерешш. 

Созданная: в ~mr АВ СССР OИC1'eJI& д.ш1 измервшш по ~- -. 
чениЮ ис'ШШ!оfi: таШературы JIВJШeifCШ самохоррехпрущейся. 

Те.хнпчесЮI система реа.пизсmава в виде пира.4~. сва6-

rrешюrо ~ стро.1ством., выраба'.ШВ8В1ЦП11 CИI'Iian, опреде.тrемыl 

ве.шrчыной отноЕJешt.~ типа //с. и.пи J, ё. • В . зависимосs ~ :веJDI­
ЧИШI этого сигвала, получае.моrо одвовремевво с CИI'ВUCII 

!емnературы , опреде.шrЕШой по О'ШОСИтеJIЬВ~ рас.преде.пеmm 

спехтралшоii плотности энергии из.пучеmш. в поR&З&ВJШ в­

роыетра автоыатичеОRИ ВВОДИТСS: ВеJШЧИВа ПОправшt ~ r; • 
Соответствие эrой поСJiедвей сиrва..пам. · опреде.пgемнм 

значеУ..изrз jym:IJ.Ш1 11 (Ji, J j) и.ли /, (А;, ... Aj) JIOC'Ш'&nct~ 
с поr.1ощью предва:яzтельвrrо обучения системы. 

Пр!Штич ... сп, процесс обучения с:еодится . к. BeRO't01Шf 

несло w ... rм onepaцz..c:rм z:ро,ц:вг итеJ1Ыlой rрадуИровки. 06ъtчво·. 
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пoCJieДIШI) дОС'l'&ТОЧИО осущес-:виn JJШ!IЪ ДДJI иеско.п:ьких ЭRC­

~pewцrыmx звачепий фушщии Е ( J) • 

так. ШUIIJD48P. 1J,1IЛ. авта.щтиqесхоrо Rон~ истmшой 
температуры жидкой c-ra.шt ~ измеwшцейса ·в процессе и:ше:ре­

шш J.tVЧеиспусшатеJIЪВой спооо6нос'1ЪJD вследствие поов.пfШИЯ 

ИJIИ исчезвавешш п.пенки ORИCJIOВ и обеспечением ~apнoil 

погрепшос':JiХ измерешПi не rJilВ :t I% достаточно осr;щес'l'Ви'lЪ 
процесс обучения:- rраду~ по 3-м значени.ша. · Иа-:ереснша 
и весьма у добВШI д.ш1 пpaitD1t1l охаза.посъ~ ~ один и 'fOir ;;re 

IUПtJ.t ооучеЮ/Ш у~ов.пеmоряе'f самым развоо6разннм по хишrчес­

КСJr!У сос~ OialaiШI пл~1Ш8111. 

Э:О яв.левие xopano · o6ъstcwiEmШ резу.ш.lfатами исс.педова­

mш из.пуча~ сnооо6носп окиалав в видимой и 6Jшз.ко~ 
- . ...I 

~ракраоиой o6.пac'f.SX спек~. приведеЮJJ.JМJt, нaiipmдep, в.l • 
JLпa пааапешш аказавв:оrо рассмщрш.а СJШЗЪ между темпе­

рат:~-РНой liОправRОЙ В зваЧевитt обраТRОЙ -rешера~ .4 r -.1 

и Ф11JШIU!ей расшределешш 11 ( J; ~ ). j) • 06озвачим через 
lн (Ji), €м (J;) - спехт:ра.пыiые из.пучатеJIЬШ:Iе способноС'l'И 
чистой метаJШИЧеСRОЙ поверхносs·il' д.пя ЗЕачений эс})ектшшш 

д.1IШi ВОJШ Аё и. J j ; через с1 ( Jc) и ё" ( J;) обознач;ш 
соотве-rс'mущие значешш опектраJIЬИой J!З.11УЧИеJIЪВОй апооо6- · 
НОС'l'И ОКИСНОЙ ПJIЕШRИ. • 

За cчett яв.левиg дисперсии, 1f)IЯ мeтaJJJiaв ~м ( J;) >~ ( J;J., 
_e_o.lJИ_ _J i_ (_ J j_ 

· Извссшо 'laR38, что вс.педС'mие дисперсшr.. в 'fOI4 числе 

-И -аRОМЗJIЫЮЙ.. -Е.и ·· ( А·с") <Е" ( Aj) • р 
06означша ·Через М - часть повсрmости мemJIJia сmо6од­

ноrо от плешаt. а через 11 - часть., ПO!tpcl~D п.nев:кой 
oмCJia. для "порлировmmой"' поверпlосп · н .. N = I. 

При изме:решш -:eмnepaтyiJi по отпапешш 11JJYX JJУЧИС~ 
тей со значеRИ.ЯШ! з(fх!эеi~ти:внш ддm1 во.шt Аё и J j • ве.пичину 
поправки на непОJШО'l'У из.лученил в обратных зпачени.ах теи­

пера~ моано записать ИЗЕ: 

x.iloд с;хr.Зl':lарной поrресго~тью здесь nо~~~ .... тся cyl'.:'.;a IIOГ!Je.r:I­
нocтeп mютр~/uентальноli и ~.:е тощтqеско:r за счет непомош 
из.лучения) • 



73 

.1S r-~= ~ l'л с!,. {J;) +-~['e;,{J;)- ~м(J,-):1 
, ~ - ~,. (J;)+A/f.!.{J;)- ё,..(J;)J 
А,· llz 

rде А • J6 _ А i ЗВ8Ч8ВJ18 аквива.певsаа JU1ВВЬ1 во.пны. 
Ami чи0201 ~ воверхиосв: 

li r,·L = .А ел Е,. (1:) 
l'1 ё,. -(JJ) -

CooDe~CDeвRO д.1Ш JЮВеiJШОСВ пoJIROC'fbl) OIOI!CJI61ШOЙ 
4 ~ -J. О.,. 8бо IIS.ЦYЧeВIIe JШAВ'fl'l' серое. J1.1Iк с.пучаа. хоrда 
часиа. J~В~~p~D~ep. 11СШС'Н1118 ваверхвосs аерка.па межаJШа зa­

JqRra OВ:ИCIIOЙIIRR•ol (N= К • · 0.5). 

r._, · А 0 Ем (Jc·)+ ё"(Аi) 
.t •-сп 4 ~ _ Е,. (J;)+ Ел ( J;) 

а.ач&ва tvваца 11 ( . Ji ~ J j) • OOODe~CDYIIIDie tmW зиа­
Ч8811.8 JI<UpiBSII ~ 

А; 

~ =к ё,.. (J,) ~ Вт..= к ё Jc-J/ 
r, ёj,J ( J;) . ~ " 

8. . -rE_,.(J;) •&Г.lc}]J; 
~ = К L.~и (AJ) +-~н fl;)J J; 1 где· К= сол.r С 

Вероа!Иосs JIOS'МI"iuar •оrозсачвОсs. за сче., в.е.пинЕШ­
Jiаrо харааера ависаосs ФJВ1Щi18 ll ( Ji , А j ~ Olf из.луча- · . 
!'еЛЪВНХ CII~. ~ даввС8 CJJYЧ&e ИШJIМЗ~ .автомап­

чесии С1паrодари YJICUIOiJ'flOIQ' ВiШ1В sвпemm дисперсии. xapaк­
t&IJI.ЗYeiiCIJY убнва!цn харuтер Ф31DWJ!8 € (.А) в видимой • 

--- -- - - - - -- -
Оr'З'"\1 ~1мва1 об.8СВ axeupa д.ш1 воех мета.п.пав. 

С иeczonJЮ JIВI8 &ШIOi*iiliW ~ даmм сшстешt 
JIO!J8<\1IfJМ Jl3llepR'1Ъ авачеввя ~~ ~epa-ryJII nODepxнoo­

s С веиз~!евнаl из.цуча~J~е.П~~~аl СШОСОСШОСТЬЮ. ВО 8 С Пе]:JеМеН­

В18 ~:>Шl)lCВ'l'Qi !фСШУСК&емос'rИ npa.teцyrotmmi среДы. lliJИ-
118!88 m!tOi задачи в ue~ JIВJШe'l'Ca зяrт.пе!Ше пара­
• ~ при п.лавие в вак:г.JШ смсправОl'О ОI:Ша• а при 
а~ахп изuepmmrx. влJIIЕ!Мер. 1'&Шера~ Со.1IВЦВ -

DreвJteuJЩ ~ ОТ ОО.ШШов И др.. 

Не МЕШее шr.rерювае ~.п:ъmm па.цучаiО'lСR IIIE ocyщeCtl'­

мemm CЗ!:lmtOppEШТ1!p".{Щeilcs спсrеtш ва осnаве. распреде.JifШ.iШ 
спеЕ'l'раJ!Ш .• ПJIO'!'"LLOOП '1'ШIЗ 1, ( J i 

1 
• • • А j ) • _,. 

.· 
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Введевве ИЭОН!'ОЧаОСS за ОЧИ' исшОDЪЗавщшg 60Jiee. 
1fiSY% оп~ ~ IIOЗВOJL~ cyiЦfiO-rвemiO по:в.ы­
СВ'!'.Ь y~ocs и ttatШocs и:шеrевшt щ;и ua.mtЧD ~ 

ВЪ~Х вереrу..1ШJИЫХ возде:Uс~ 

Созддние ~ n:ttpa.."6~cшa сие~ ва 

основе pac.IIJiiOliOдeRИЙ 6 и ~ пoз:вOJL<Ie'l ycnemвo ~ ~ 
RO'lO}Ue вопросы с ~ п.пазrш. де'"~~спией nо­
верхвооп и др. 

_!!~'!_.zrънм схеыа -~~ ~-~ ~ 
АЮКО~ изобра.шша ва JЩС. I. 

~есъ S - nовершОС'lЪ из.цvчиет е ~ Jf3.­
Ч8ИCIГJ~rem-вtli сnособноспъю. 

О- кащен'ZРИРУп;аа 11 JШ3И1В88 ar:ич.ecsas аис-жеuа 

nиpor..Ja'l'Pfl 

. -1:1--Ыаl<Цра~ усnройспво . 
Ф - цриемшmи_ ~че.нва 
-у-.-- · уси..ziИ'rе.12Шое у~ 

n- !Ip6JtFJapиreшvNй ЦIJеооразава~ 

Б.К. - Ci.!IOR ко~ре.шща 
л- .:rorcr.~~l!wщee устройс'ШО 
Р - и~J.e~и~e..'Iblio-~-entcт~py!ЦШl ~нxOJШoiil пр:rбср.. 

Pac>o-ra~ сисrема следупщим образа~: из JIOтcma из.пуч&-

mш o-r S с помощью - О ва мопахра.штизирупцем ус'l'ройстВе Jl 
копцевтрируеrоя ПO'lOR пос.педуемоrо ИЗJIУЧеmш. ПIИеrJШПt ИJlJI 

- приемвики "Фn преобразут с:пеRТра.пыше JGЧIIC'r08D па вш:о­

де мовохрсtш~ирупцеrо ycтpofic'J!Вa М в э.лехтричеСRИе СШ'В&-­

JШ, ус-ttлn:Ваемые У и цреобразуеr.ше в 'fl)е6уемую фоiЦV с· по­

мощью прео6разова'.rе.шt n. 
С выхода nоследнего преоо:разо.вашше сиrиаJШ п~ 

ва логометрирущее устройство .[ и на 6.пок кoiJI)E!IШD Б.К.. 
который в зависимости <Yr предварптеJ!Ыlоrо обучеmш ~­

ировюt - •Бьrдает" требуемое значение сиrна.па :в:орреiЩИИ. 

Пocлe,11,1II!l1 може'.r подаваться ;mбо не!IосредствеШ!о на измери• 

те.лшо-реrистри:руi.IЦИЙ прибор Р. m6o предваритеJIЬНо на 
одю1 из I~СI<:адов лоrометрпрущей систеш. На основе этой 

схе .ш бЫJ-ш соз.цfhчы раэ.:FПШе варпанты саt.юнастрш:вапцихся 

п:I~ ос.е':'. _Iчec:czx сыстеи. · 
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JIJш :&ZIJI~Х:традви._ ва рис. 2 приэедевы сраввие..въвне 
дm:nnie аоУ..азавиП раз.пич::аш: ~аах cиcms~ ва JI.D8D­

I:taX cmm~ э ~авноii nечИ. сваО&еШЮй cпeJ"QПYY'ЪЪММ 1~ 
poйc-mcu. позэщсmriJ'М создаваtЪ ва поверхвосs ~ 

~ иеоохо.ttИМоrо XJDШЧe01tQ1'0 ООС'f8В8 Ull 111185 ЧИС4f08 

ме'!8.ПJ.IИЧесшое зeptr.UO в a"lJdoCi.Jepe арrова.. 

'1tlipatr.ecce -rспавшt мевха JIOra .. рва~·часпчио 

JU8 ПО.ПИОС'l'ЫJ исчеза'l'l.. Э!о хсрапо .u.пmutpиpycms.<r ~ 

:&1UI8 пире~ яркооsоrо. qJ~МSpВaro ацvчеви.а • UJitilжo­

вoro. ~штричесхая сис-:ема ис~ой !е1818ра1'.1111 IiW-I, 
coздammg в mm .ш СООР во всех с.цvчаsх. по cpaввe&IID с 
!е~опарой.. ве ВЫXOJtJtП& за RJJaCC I. t-. е. s_ • ~ I5 

111п 

При ~ же yOJioвиsx повазапя nшmmaro ~ u­
ue&ВJIИCЬ ва · tS tn;a • 5О - 60°. яркосm~оrо ва 8 tярк • 
• roo - rзо0 и .aиpcue'.fPI cyaщpuoro JI3JJYЧ8DIDI ва IS0-300°. 

Сlлер;уе-, 0'!14е1'И'fЪ. UO YCJIOВIШ ~ В 81Ш118рuев- · 

!а.пъвой устанавке е ~ зрешш 8КC11.11Y&If&IU СИС'!е181 

ПИТ-I бlLШ! 6о.лее алоЖШDII!.,. .чем ва ~ввой Erf8JI&­

ILi'ШВWIЬВoii печи. Здесь при ддитеJ~ЪВой ЭitCIЩYa-'1'8ЦD на paэ-

.:n:-.-~r . ~ r·:~;z:..: C"l~ I!(:_~..:з- 4~~~ ia Io0, •••• 
Ai j\).."Z;~ .rr.-.:~'\i.~~ r.'..jЗ'<~. ре3;1~ "..., •• а. ~ .. 
~ ~ .. ~ .$71'- ! ~~ar..ac ~ 

~-~~· 
!. w.a. h8U. • J.Opt.З.. 

Z. ~r..e ~1'. ~~. CZZJ... -~ !55S! (1'1 2t ~ I9'".)?. r. 
; . c.f~.....aJ.4t, а. ~- a.~aau. ,r [ii,w_a.1.~~щ; 

.;. " • e,.-porhot f АrоЬ. Ш.eel'mat~ ,I~.R,Зi.IЗI • 

.;• .:~ :. ~. "---~~~!)1"J:6 ~ аа 4IJ ~. DJНtO 

I.:.. ~. 
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ADAPTABLE REGULATION SYSTEM OF 
TEMPERATURE AND HUMIDITY IN AIR-CONDITIONED 

OBJECTS 

Dr Zdzialaw Baraki 
Institute of Thermal Technique 

L6dz, Poland 

1. Introduction 

Theoretical and experimental investigations of air-con­

ditioned object dynamic properties2 • '' 7 , carried out by the 

author; revealed the influence of external disturbances /e.g. 

changes of outside temperature/ on dynamic properties of these 

objects, especially on time delay to time constant ratio 

/To/T/. These investigation results were the basis to develop 

adaptable regulation systems of temperature and humidity, the 

controller adjustment of which changed against external dis­

turbances and got automatically adapted to the varying dynamic 

properties of objects. The author#s work led within this . scope 

mainly concerned automation systems of processes of air-heat­

ing, ventilation and air-conditioning of railroad cars', sea 

sh1ps4 and public utility buildings. Simultaneously some new 

automation systems w~re developed, e.g. adaptable controllers 

of temperature and humidit,5• 6 • One of them is described and 

' analy"zed in the article with special regard to the properti.es 

and conditions of adaptation to disturbances of .temperature or 

humidity controller. 

• Materials for the present article were taken from the 
author#s doctor thesis "Investigations on dynamic properties 
and adaptable regulation of air-conditioned objects" carried 
out under the guidance of professor M. Klimek. 
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2. The influence of out~1d8 temperature on dynamic properties 

ot air-conditioned objects 

To, T and To/~ dependences on the outside temperature 

were exper~entally determined for a connected in series syn­

thetic fibre packing-sorting room with an air-co~dition cnam­

ber2. On the basis of the similarity of processes occurring 

in air-conditioned plants it can be concluded that the cha­

racter and direction of To/T = F /tz/ dependence is similar in 

all cases, but this function real course ahould1 be determined 

for every group of objects by separate investigations. It, . 

therefore, should be accepted that the considerati~ns on adapt­

able systems, comprised in the report, concern the group of 

air-conditioned ob~ects displaying To/T :s 7 /~z/ dependence. 

approximate to the one shown in tig. 1. This dependence has 

been determined tor the .temperature range ~o- = -1.6 ~ 17.5~0, 

being approXimate to most frequent year average range 

/+2 ~ +18°C/. It· results trom fig. 1 that the ratio To/T chan­

ges within the range from o.~ at the temperature +2°0 to 0.11 

at the temperature +18°0. This statement was the basis to pose 

the thesis about the. purposefulness ot using adaptable regula­

tion systems to air-conditioned objects with varying dynamic 

parameters. The above thesis was justified in one ot the 

papers? by means ot analysing the course of factor regulation. 

-It has been shown that in the case ot correct adaptati.on of 

the controller adjustment to disturbances~ the regulation fac­

tor did not exceed the often accepted admissible value 1.4. 

However, in the case a c~assical atru~ture controller and un­

changeable adjust~ent are applied, the regulation factor reaches 

the maximal value~ 2. Then, it there is a change of the given ' 
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value ·of the required co·ntrollert fluctuations would occu.r 

which may cause a reverse switch on and off of heating and 

cooling installations, being an undesirable phenomenon. While 

considering the purposefulness or adaptable system applica­

tion, economical and technical premises had been taken into 

account. It was also considered that the regulation equipment 

tJr air-conditioned pl ant automation should be not too oom~ 

plex and expensive, i.e. controllers - destined tor such ob­

ject automation ought to be cheap and satisfy the conditions 

ot adaptability. 

3. Adaptabl~ temperature or humiduty regulation system 
. ' 

3.1. ~~S~!!~2~-§I!!1~-~·9¥~=~~1S·~ 

An exemplary block-diagram ot a temperature regulation 

system in a multioompartment railroad oar is given in fig. 2. 

An on-ott temperature controller /B/ is installed in each com­

partment .• _Most frequently it consists ot coatact thermometers 

switched to temperatures 19, 21, 23°0, and equipped with an 

output relay with switch contacts. Oontact ther-mometers /B/ 

carry out the on-otf control ot air-intake .throttle With a 

rotary electromagnetic drive /Z/. and regulate the supply of 

warm air to the· compartments. They simultaneoa.sly act upon the 

adaptable controller /S/ s~ng system_whioh controls the ef­

fectiveness ot the central heating chamber /K/ by means of the 

execut ive element /W/. The latter may be either a steam-heater 

electromagnetic valve or a contactor tor high voltage electric 

heater. The controller /S/ considers the changes of heat de­

mand signalized by contact thermometers /R/, as well as extern­

al condition changes, e.g. outside temperature and wind velo-

c it-y . 
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The regulation system circuit-diagram is sho~n in fig. 3. 

The system comprises contact thermometers or hygrometers /11/ 

and an adaptable controller. The controller consists o! two 

basic parts: a bimetallic summing relay and a manometric 

thermometer sensor connected b1 ·a mounting plate. The relay 

contains a working bimetal /13/ with a heating resistor /1~/ 

isolated from bimetal by -micanite plates. An anvil is fasten-

ed on the end of the working bimetal, pressing the microswitch 

/6/ at bimetal swings. The microswitch /6/ is fixed on the end 

of the compensation bimetal /5/, which makes the controller 

operation independent of the ambient temperature. The bimetel 

/5/ can fluctuate in a bearing and it is fixed to a lever with · 

a tension spring on its _end. This spring tension can be chang­

ed by means o~ changing the position of the tension spring 

hand wheel /4/. 

The tension spring with the hand wheel are set in the con­

troller support construction. Besides the tension spring, a 

point pushrod of changeable length acts upon the bimetal lever. 

The other end of the pushrod is set in a soc.ket of the segment 

fixed on the resilient spiral end /3/, which is the end of 

manometric thermometer sensor capillary /1/. The capillary is 

placed within a cube fastened to the housing. 

The manometric thermometer sensor /1/ is partly placed 

inside the mixed air flow channeL /external and circulating 

air/, and partly outside the chsnnel within the housing/~ 

equipped with adjustable gaps and variable diaghraghms~ The 

latter enable the change of external condition influence /wind 

velocity and outside temperature/- upon the controll_er operation: 
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The controller eiectric circuit can be supplied from a 

di r e·ct current or variable current source /17-26 V/. Two in 

parallel connected barretters /7/ are placed within the supply 

circuit. These barretters make the value of the circUit cur­

rent independent ,of the supply voltage fluctuation and circUit 

resistance changes.: 

The electric circuit has two parallel branches. One of 

them contains a switched on heating resistor /14/ and an auxi­

liary resistor /9/. The latter can be opened or closed by con­

tacts of the controller /S/ relay. The other - a regulated re­

sistor /10/ and in parallel to it is a range o! resistors /12/ 

switched on by contacts of compartment thermometer contact re­

lays /11/. The summarized value of the circuit current is ap­

proximately constant, but this current propagation is variable 

and depends on the adjustment of controller /10/ and on the num­

ber of resistors /12/ switched on by compartment thermometer 

contacts. The more resistors are on the lesser is the current 

passing throUgh the heating resistor. 

The resistance decrease of resistor /10/ bridged over by 

resistor /12/ results in a decrease of resistor /14/ current 

value •. With a determined current value of the controller heat­

er, after a determined time period, the mioroswitch contacts 

/6/ are changed over and th~ controller relay contacts /8/ are 

opened. This causes a rush change of the value of the current 

passing through resistor /14/, the value of which d~ends on 

the resistance value of resistor /9/ • 
• 

After a certain time, dependinr; on the value of resistor 

/9/, there occurs a repeated switch over of microswitch con­

tacts /6/. This circuit is an inertial feedback which corrects 

the controller dynamic prop{'rties. 
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4. Analysis of an adaptable r e9 ul a lOn sys"te.:n of terrme rat nre 

or h , i ity 

4.1. !~~-~!E~£1~!~-~f_!~~-~1~!~~-!E~~!~9--!~-!-~I~!~~-~~-!£~~!­

!~~~-~2~E~~~!~!~~-~!-~~!~;!_1~~£~~~!~E~-b;!~~~;~~~-£~~: 

~~;~!~!2~_£!!£~!1-~E!!!!£!~!2~-!~£~2E-~~b~S-~!~~!~~~2~~: 

~!_!g!J2!~g 

The regulation system discussed in p .. 3.2 can be analyzed 

as a system of temperature or humidity stabilization with a 

compensation of external disturbance influence / e.g. tempera­

ture and wind velocity/, compensation circuit amplification 

factor being the tunction of object temperature and humidity. 

Figure 4 p~eaents tQis system block-diagram. As seen, external 

disturbances z act on both: regulation ~bject /1/ and, Qy meana 

of the compensation element /5/, on the initial compensation 

signal level /W/. The object output signals y1 , y2 ••• Yn act 

by means of contact thermometers or hygrometers /2/ and the 

summing node /3/· on the amplificati~n factor Kw of the feed­

back inertial element /4/. The relay / 6/ .is the disturbance com­

pensation element embraced by the inerti al feedback /4/. Its 

approximate transmittance for mean values can be exp~essed by 

the following 

U/s/ 

W/s/ 

Ts -+- 1 
/1/ 

Kw 

The amplification factor Kw being nonlinearily dependent 

on error s i gnals for separat e input ~ ~f the object /y1 , Y2 •••'Yn/ 

can be writt ~n as follo ~s 

/2/ 



Beside the above discussed viewpoint the system may be . 

considered from a different one. The adaptation circuit of 

the amplifica~!on factor Kw of disturbance compensation cir­

cuit can be treated as a particular nonlinear feedback. This 

permits to consider the system in question as an output signal --
regulation system, the properties of its controller getting 

adapted to external disturbances and varying dynamic object 

properties. 

This approach will be applied to further considerations. 
I 

Indeed, it is less exact but, allows a more object analysis 

of controller adaptable features and a formulation of its ad- . 

justment adaptation conditions against disturbances as well. 

~!e~!!_!~g~!!!~~-~1~!~~~-!~~-~2~!!~!!~!-EE~E~E!!~~-~~!~ 

~~~!~!~~2~~!1_!9!E~~~-!2-~!!!~~~-~!~!~E~~~~!~ 

The system block-diagram is presented in fig. 5. The fol­

lowing elements operate in mutual conjunction: contact thermo­

meters or hygrometers /1/, current summing resistance system 

/2/, element of adaptable dependence of controller adjustment 

on external disturbances /7/, nonlinear pulse system is denot­

ed by a double line. The above system contains a bimetal relay 

with a microswitch /6/ embraced by an inertial feedback with 
Kw 
Ts + 1 transmittance, an adjuster of ,preliminary microswitch 

position to the working bimetal /Xo/, ana a resistor to adjust 

the initial value of the current passing through the bimetal 

heater /~o/. 

The period of pulse system oscillations, made up by the 

sum of times Tz and Tw /the time the controller microswitch is 
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on and oft/, can be preliminary adjusted by choosing appro­

priate values Xo and IQ. While choosing the period of oscil­

lation admissible temporary deviations of the parameter regul­

ated from the mean value, and an admissible frequency of 

switching the switch equipment are taken into account. Com-

prise solution be~g chosen as a rule. 

The mean output signal from the controller Y is the 

function of duty factor, which in turn depends on the time 

ot the controller microswitch being on and off /Tz and Twf. 

External disturbances /outside temperature trz/ and internal 

signals deriving from contact thermometers and hygrometers /1/ 

influence Tz and Tw time values. External disturbances, repre­

sented by the manometric sensor temperature '6' cz' influence the · 

position of compensatioa bimetal with a microswitch by means of 

the proportional element /?/ with amplification factor K. Then, 

changes the duty factor of the output signal Y on which the 

Kp factor of the · controller is dependent_. 

Moreover, contact thermometers and hygrometers /1/ in­

fluence the value of currents I, Iz and Iw by acting upon the 

current summing system /2/. In consequence thermal energy re­

leased in working bimetal heater, cause corresponding changes 
Kw 

of amplification factor Kw of internal feedback Ts ·• 1 • 

This results in a dependence of the mean output signal 

from Y controller on signals originating from contact thermo­

meters or hygrometers /1/. 

~.3. !~~-~~E~~~~~9~_2f_~~~-!!E!!f!2~~!2~_f!2~2!_2f-~2~~r2!!~! 

!E~_gg_·!~!!-22!!:l!~r~~~!2~~-E!!r~~!~r:l! 

Let us assume that the cont·roller operat~s in conjunction 

with only one contact thermometer or hygrometer. This makes pos-
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sible to analyze the influence of external disturbances on 

the controller amplification factor. A simultaneous analysis 

of t he number ot cooperating contact thermometers or hygro-

meters is not needed. 

The main output signal from Y controller can be express-

ed· by the following 

Y= /?J/ 

On the other hand, Y signal can be dependent on U error 

signal according to the following formula: 

where: Kp • controller amplification factor, 

U - error signal 

To generalize the considerations and make them independ­

ent of the regulated parameter choise /temperature or humidity/ 

it is convenient to use relative or percent values Kp, U and 1:. 

These values will be denoted by letters with asterisks /Kp~, 

u•, r;! 
Therefore, expressions tor Kp•, yS and u• will be the fol­

lowing 

y• = 

In the case the controller operates in conjunction with 

one contact thermometer or hygrometer with the zone of intens­

itivity h[ 0 cJ . or h[% w.w~, U can be also expressed as 
t h • h u = 'T 1 OO% or u = T 1 oo%. 
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Theretore,Kp will be the following: 

r 
•·p· --- -
A. tt' -

Tz 
= 

ITz + Twl tr' 
Tz Tz 

------------ or Kp • ---------
ITz + Twl ~ ITz + Tw/ hw 

where: t" [ 0 o) - contaot thermometer ambient te~perature 

'6" cl °CJ - tempe~ature set on contact thermometer 

h [ 0 o1 - zone of insensibility of a contact thermo-

meter 

Cf, 'f 
0

, h11 (~ •·•~ - denote the same values related to 

a contact hygrometer 

.· 

In order to use the value h of the zone of insensibility 

to determine the rela ~ive error u-, an immediate reaction of 

contact thermometer to the changes of ambient temperature 

should be assumed, which ia a certain idealization of real pro-

ceases. The times ot Tz and Tw depend on the outside tempera­

ture represented by manometric sensor . themperature ~cz• This 

involves the amplification Kp• to be the outside temperature 

too 

Tz I ~czl 
1~1 

On the b~sis of the analysis of adaptable controller con~ 

struction elements, the following formulae can be deduced for 

the times Tz and Tw of the controller microswitch 

kl 2 R 

QC 
~ g 

Tz :: --ln s 
of 2 _4h1Ymz- Yml klz Rg 

.:'11 {, 2 
:: 

q s 3 I ~ 2 -



Qc 
= S ln 

q 

QC 
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ki2 ·R z g 

Tw = S ln -------------------
q 

/6/. 

The controller amplification factor may be dependent upon 

its constructional parameters and outside temperature, accord­

ing to formulae /5/ and /6/ derived tor Tz and Tw. After for­

mulae for Tz and Tw are substituted to the for.mula for Kpa am­

plification factor and some transtor.mations made, one obtains 

ln --------------------------------
kt _ __;.___ A & cz I 

/ 

KpK = ----------------~--------------

/5/1 
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/7/ 

+ ln 

I 
cz 

where: l [mm] - bimetal length 

h [mm] - bimetal thickness 

Iz[A) - controller switch on current 

Iw[A] - controller switch off curren~ 

kr[G/mm]- resilient spiral fle11Yit1 

ks [G/mm]- tension spring stittness 

~ [G/0 0]- manometric sensor temperature coefficient 

Rg [ .U] - working bimetal heater resistance 

• q[kcal/m2h0 o) - bimetal-air heat cond.uction coef­

ficient 

- heat intercept area 

Ymz[mm] - bimetal tlexivity ~eeded to switch on a 

microswitch 

Ymw[mm] - bimetal flexivity needed to switch off a 

microswitch 

Ay[mmJ - microswitch mechanical hysteresis 

~~(0o] - rise of manometric sensor ambient tempe-

rature 

- bimetal linear expansion coefficients 

i!!~!!~~-

According to fig. 1, for the range of most frequent year 

average temperatures /+2 ~ 18°0/, the ratio To/T changes with­

in the limits from 0.24 at the temperature +2~0 to 0.11 at .the 

-· 
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temperature + ·1a0 o. The then required range ot changes Kp, . 

which corresponds to optimal adjustment of P controller wit~ 

aperiodic course, with min~um tp8 is 

~= =6~ /8/ 

Therefore, the range ot admissible controller construc­

tional parameter ohariges should be determined so as to ensure 

the gain ot Kp variation resulting trom adaptation conditions. 

The following denotation are used in formula /7/ 

~g =• 
k.I;ag = B 

,kl;g /.f2 - ~/ 1
2 

- 4-hqS/~m.z - A ~/ • o /9/ 

,kl;ag /ol2 - ~/ 1
2 

- 4-hqS~m.z = D 

4-hqS -~---- = E 

A, B, o, D, E denotations are parametria indicators, con­

stant tor the given controller type and the dete~ed oparat-

ing point. 

Attar A, B, 0, D, E denotation are substituted to to~ula 

/7 I, the x:: expression is the following 

Kpa = 

• 
ln r-~4~-:---­

lJ - E .A&- cz 

B 
Ul.Jl +ln 

D - 11: .t.tT oz 0 + 



91 

or after some transformations 

'(p• = /10/ 
u- [l!l A - ln /D - E ~frcz/ + ln B- ln /C+E At:'"cz a 

It denoting constant coet~JD, ients at Xp• respectively 

/11/ . 

0 = D • c3 

and introducing to formula /10/ the denotation 

B._Atrcz • x 

one obtains 

xp• = /12/ 

with c2 > c_1 

Asswning the controller operating in oon3anct1on with only 

one contact thermometer or hjgrometer, the controller is sup­

posed to react to the constant value of u& error .which equals 

the contact thermometer or ~grometer zone of intensitivitj 

divided bj values ot temperature ~ 0 or humJd 1t1 'f.o set on a 

contact thermometer or hjgrometer. 

The above said being taken into account we are aotuallJ 

interested in the variability of the whole product Kp• tf, as ­

a component u.n.i:tormel y dete:m ining Kp• v ari ability in the 

function of temperature A~ cz 
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o1 - ln /c-, - x/ 
/13/ 

The value of u- should be adjusted to the needs ot re­

gulation circuits by the choice of contact tm rmometers and 

hygrometers with appropriate zoDes of intensitivity. 

The course of the component Kp-u• in tem.pe rature func­

tion is shown in fig. 6, c1 , c2 , c3 parameter values being as­

sumed. 

on the basis ot the above given dependences it can be 

shown that conditions of the discussed controller, adaptabil­

ity tor a group ot ob3ects with dynamic parameters To and T 

varying in the function of outside temperature, in the range 

given in figure 1, are the following 

2 c1 ~n kizRg = 0,9 

2 c2 = ln kizRg + ln ki,.Rg == 2,4 

c3 = 3ki:Rg /.1.2 - ~I 1
2 - 4-hqS /Ymz - Ay/ = 2 /14/ 

where: E = 0.05 x = 0.1 - ~ 0.9 correspond to ·the outside tem­

perature cha~e·s within the range ~ i:T
0

z = +2 "' 18°0. 

The above given general dependences provide only one ot 

the variants adaptation conditions. Therefore, they are tze at­

ed as an example indicating ·· adaptation properties ot the dis­

cussed controller. 

4.5. Q2a!E2!!!~-2~!~!!!2a_!a_22a~!E~2!!2~_!!!~-~!!!~!~_22~!~2! 

!~!~~2~!!!~~-~9-~~6~2~!~!~~ · 

Considerations given in point 4.3 are valid in the case 

of a controller operating in conj~ction. with several contact 
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thermometers or h-ygrometers. In addition it should be t .aken in­

to account that currents Iz and I
11 

are functions of the number 

of contact thermometers, which transmitted signals about the 

excess of the temperature Qeing set. In order to formulate 

these dependences an electric scheme of summing circUits was 

anal1zed. 

It has been shown that the dependences of Iz and Iw cur­

rents on the numb-er or switched on contact thermometers are 

nonlinear and the proportion coefficient ot r , controlls r .... . . 
output signal and u- error, i.e. Kp c~ntroller amplification 

factor changes in the function of the number ot switched on 

contact thermometers. 

-. In this case, the change ot Kp• amplification tact~r o·c­

. curs .4ue to t~ changes ot the feedback element amplification 

factor Kw. The . abo"fe changes res&Ut from the changes ot energ-y 

released in the controller heater. 

In consequence there appears a progressive controller oper­

ation in the function of error, caused by Kp• controller am­

plification factor being dependent on va error value. 

Because of. a lack ot place and the essential aim of the 

paper, i.e. the analysis aim of tbe paper, i.e._ the anal1sis 

ot adaptation ot external disturbance coutroller adjustment, 

the controller pr~gressive operation in the function ot ~ 

error value wil~ be not analyzed more exactl_-y. 

5. Results of investigations on regulation_ systems with the 

applicat i on of an adaptable cogtrol~er 

The .discussed regulation systems have been up till now 

used and investigated in air-heating of railroad cars produced 
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in the B. Cegielski plant in Poznan and in ventilation and 

air- condi ti.oning · installations of seaships bUilt in Szczecin 

and Gdansk shipyards. The investigations revealed that adapt­

able ~ontrollers permit temperature . stabilization with the 

accuracy up to about. 1°0 an~ ·re~ative humidity with the ac­

curacy to about 5% independent ot external and inta rnal dis­

turbances. The reaul.ts · obtained authorize to an extended use 

of adaptable controllers of temperature and humidity to auto­

matic regulation .systems ot: heating, ventilation, air-condi­

tioning of railroad .oars, sea ship·s,. P':lblio utility b.Uildings, 

housing, and so on. This w·aa reached due to t ·he use of relia­

ble aevioes, the functions of which were rather complex b~t 

the construction - simple. 

6. Conclusions 

On the basis of the analysis of the system· with an applica­

tion of adaptable temperature or humidity controller, the fol­

lowing conclusions can be drawn: 

1. The dependence of the amplification tactor Kp• on 

the ou•side temperature by formula /7/ is character­

istic of an adaptable temperature or humidity control-

ler. 

2. The following condi~ions being satisfied: 

2 ln kiZRg = 0.9 

ln kiiRg + ln ~,g = 2.4 

3ki;a /el. 2 - ol.,/12 - 4hqS /Ymz - Ay/ • 2 

the adaptable temperature or humJd ity controller en­

surea the adjustment of the amplifier ~ctor Kp~ to 
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dynamic properties To, T and To/T for the gro~p of 

objects with 0.1 ~To/T <o.as · in the function of most 

f~eq~ent o~tside temperature changes, within ~he 

limits +2 ~ +18°0. 

3· If the· adaptable coJJ:iiroller operates in conj u.nction 

with se.eral contact ther.Mometers or h1grometers, 

the re exists a nonlinear, progressive influence_ of 

contact thermometers or h1grometers switched on in 

turn to 'fz and Tw by means of '"Iz and Iw current 

changes. This leads to the changes of Kp• amplifica­

tion factor in the function ot u- error value, and 

avoids .overregulation in ·regulation s1atems with aver­

agiJI& aeasllrttment pUlses. 

4- • .lccorcU.ng to i.D.ve stigationa it has been found that 

adaptable c~ntrollera pe~t to stabilize the tempe­

rature with the aocurac, to •bout 1°0 and relative 

humiditJ with. the accurac1 of about 5~ independent ·of 

external and internal disturbances. This is reached 

due to the uae of reliable devices the functions ot 

which are rather coaplex but the simple conatruction. 
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Fig. 2. Block diagram of temperature regulation s1stem in a 

multio.arriage railroad car: R - contact thermometer 

with a rela1, Z - air intake throttle electromagnet-
. . 

ic drive, S - adaptable temperature controller with 

a bimetallic summing rela1, W - executive element of 

the central heater, K - heating chamber, N - circul­

ating air cap drive. 
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J'ig. 3. Circu.i t diagram ot adaptable temperature con trolls r: 

1 - manometric the~ometer sensor, 2 - sensor coat-

ing, 3 - resilient spiral, ~ - tension spring hand 

wheel, 5 - compensation bimetal, 6 - microswitch, 

? - barretter, 8 - controller rela1 contacts, 9 - auxi­

liary resistor, 10 - regulation resistor, 11 - con­

tact thermometer rela1, 12 - add-it'"Ion·al resistor, 

13 - working bimetal, 1~ - heating resistor. 
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Fig. 4. Block diagram of the system of adaptable compensation 

with compensation amplification factor. 

1 - object of regulation, 2 - contact thermometer or 

hygrometer, 3 - summing node, 4 - inertial feedback 

el~ent, 5 - element ot external disturbance compensa­

tion influence, 6 ~ controller ·mioroswitch. 
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?ig. 5. Block diagram o~ regUlation system, controller pro­

perties being adapted to extern~ disturbances: 

1 - contact t ermometer or hygrometer, 2 - resist an -e, 
current summing system, 3 - summation node, 4 - iner­

tial feedback element, 5 - feedback element varying 

amplification factor, 6 - controller microswitch, 

? - element ot adaptable controller settings depend­

ent on external disturbances, 
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Fig. 6. Characteristics ot Kp• ull • t I~ 7./ two-position 

adaptable temperature and humidity controller tor 

temperat~re range +2 ~ 18°c. 
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НОВЫЕ АНАЛОТ'UВЫЕ MOДFJiИ lLJШ ЦЕЛЕЙ УПР АВJIЕНИЯ 

Гn'ЕНМАХЕР Л • ti. · 

Многие задачи управления сJiоиными объехтаuи своJ.ятс я х не­

линейным эхстреuальвым заJ.ачам с ограничениями Б виде неравенств 

и равенств. НарЯJ.у с испОJiьзовавиеu цифровых элехтронных машин 

мя решения этих задач в последние годы возникJiо стремление 

nостроить и nриuенять ця этой цели ава.Jiоговые моде.nи [ I + ~ • 
Известные сnособы ЭJI.ехтронного ыоделирования на основе 

анаJI.огии различных объектов nри ременИи некоторых задач uатеuа­

тичесхого nрограммировавия и сист~ велинейвых уравнен~й оtно~ 

:ваны на свойства·х цепе.й, состоящих из боль11ого чисJiа источников 

постоянного во вреuени sапряаевия, тока, диодов и трансформато­

ров nостоянного · тока [r ~ . 7] . 
Как известно моаво состаэить из двуmоАюснихов эл_ек'l'р~lче­

скую ыодель сJiоаных сетей ИJIИ сеток топологически сх·одственную 

по струiСтуре задавНЪIЫ объектам [ 8, 9 J . В ра·ссматриваемых моде_-· 
ЛЯХ В ОСНОВНОМ ИСПОЛЬЗJЮТСЯ аlСТИВНЫе ДВJХПОJIЮСНИКИ С ОТДеJlЬНЫМИ 

Dнутренними · источв~ами эдс, а неравенстэо эдс определяется 

· автоматически с помощью J.иодвых или транзисторных ХJlючей. ИЮnоль­

зование диодов для установления неравевств известно даэио и 

арнменяется uя иэыерите.пьвых целей [ 8,. IO, П J ,:в.ля . nостроения 
велинейных преобразователей [9, 12]и ключей логичесхоrо типа, 
а в аоследнее · время и для реwения некоторых задач матеwатиче­

ского програuмирования [ I - 6 J . 
Основным ведостаткоu всех этих известных статических· 

сnособов моде.иировавия о6ъехт.ов ЯШiяется необходимость в очень 

6oJiьmoм числе источикков постоянного напряжения с uалыu 
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ввутреиниu сопротивлениеu. Все эти источники не должны иметь 

общей точки соединения (общей ''земли" ) • Напряжение этих источ .. 

икко~ должно регулироваться и устанав.п~ваться по величине от 

нуJiя до IOO% через О, 5 + I,O%. Их внутреннее сопротив.пение 

допно быть эва читеJiьво меньше с·опротивлений остальных э.nемен ... 

тов модели. Пр~ очень большок числе источииков это приводит 

к необходиuости построения сJiожвнх, гроuозду:их и дорогих уста­

новох • . В одних случаях используются транзисторные стабилиза­

торы напряжения с деJiите.пями напряжения, включенные на отдель. 

ные индуктивно изо.llированные обмотки травеформатора сети nере­

м~нного . тока [ I J, в .цругих с.пучаях применяются усилители 
с положительной обратной связью для компенсации соnротивлений 

[ 2 J. В не.nинейна~ моделях сетей устава:в.пи:вают мощные выпрями .. 
тели с изо.nированнwи делит~.nяuи наnряжения с малыu соnротивле~ 

ниеы [ 7 J. -
Предлагаемый сnособ моделирова_вия nозволяет решать те же 

задачи на основе первходных процессов в электрических цепях, 

содержащих ёмиости и имnульсные трансформаторы ~ока (nомиuо 

диодов и сопротивлений). 

Модели объектов в этом случае являются не статическими, 

а динамическими. Решение nоставленных задач nолучается в опре­

деленные моменты времени nереходиого nроцесса в виде ~гновен­

ных значений величин тока и наnряжений в _ ветвях и узлах элект­

рической цеnи. Принцип экстремальяости nолучается справедливым 

и для таких искусственно построенных электрических цепей, кото­

рые содер~т ёмкости, играющие роль внутренних источников на~ 

иряжения двухnолюсников. 

Сравнение динамических моделей объектов, построенных по 
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предлагаемому способу, с и з:вестными статическими :.шде.лями тех 

же объектов показывают, что в новых моделях роль источников 

напряжения успешно играют ёмкости. Каждая заряжеЕная ёlmость 

может быть заменена, как известно, источником напряжения с 

ничтожно малыu внутренвъм сопротивлением последовательно вклю­

ченным с не заряженной ёuкостью. 

Эаряд.ltа всех ёшtостей схемы на заданные различные напряже­

ния решается пред.пагаеuым способом сравнительно просто. Для 

этой цеJiи с nо~~ющью пары раздеJiитеJIЬных диодов каждая: ёuкость 

модеJiи арисоединяется R одному общему делителю источника nере­

мениого наnряжения (см.рис.I). В этом случае при соответствую­

щей 110JIЯрНОСТИ ОДНОЙ ИЗ 110ЛУВОЛН переUеННОГО · напряжения uf\l, 
~JКости заряжаются на заданные общиu делителем части общего · .· 

на пр яжеви я. 

Во вре~о~я действии JiPYr'oll полJ1!олвы напр11.11ения L\,ц (при 
полярности обратной направлению выпрямления пар разделительных 

JJ.иo.zr.oв), :JTO . напряжение U;i>, заnирает указанные диоды. В это 
время все ёмкости модаnи практически можно считать отсоединен­

ными от источника зарядки. Следовательно, в этот отрезок вреw 

uени можно nодавать ва модель различн е импу4ьсы напряжения и 

тока, nроизводить измерения мгновенных или средних значений 

ве.nичин тока и напряжений в ветвях и уз.пах модели. 

Такиu образом, по преддагаемо~у способу схемы моделей 

объектов составляют из ёмкостей, диодов и в некоторых случаях 

из сопротивлений, импульсных трансформатора~ тока и транзистор­

ных ключей. Требуется задать на все ёмкости, ~еющиеся в cxeue, 

определенные начальные условия, т.е. необходимо зарядить все 

ёмкости на заданные напряжения и nодвести к некоторюj узловым 
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точкам заданные граничные условия. 

Решение каждой задачи получается в виде ряда мгновенных 

значений токов и напряжений в модели в nереходноu nроцессе. 

С целью уnрощения способа задания начальных условий и сnо­

соба измерения мгновенных. или средних значений токов и наnряже­

ний весь процесс, как уже сказано, искусственно сrовторяется во 

времени, путем использования перемениого во времени напряжения 

от общего источника. При этом, при одной полуволне, производит­

ся задание вачаJI.Ьных условий (происходит заря,1IКа), а nри дру­

гой сrолуволне происходит нужный перехоАный nроцесс в электри­

ческой модели. 

Предлагаемый способ nроверен экспериментально: 

rrpи определении критического пути в сетевом :q>афике; 

nри построении моделей не.nинейных сетей ; 

nри решении задачи о нахождении кратчайшего пути в сети. 

Для работы моде.nей по предлагаемоuу сnособу необходиu об-

trо ий источник переменнаго напряжения nостоянной частоты периода 
\li 

1 • Форма кривой (nряuоугольной) этого напряжения nоказава на 
.."..,...,.. . 

рис .I. Она имеет вид пряuоугольных импульсов разной полярности, 

как это видно на рис.I, аричеы, ддит~ъность ~~ 
1 

и величина 
(аuп.питуда) положительной полуволны uожет отличаться от ми­

тельности С(;~ · отрицательной полуволны. Величина запирающего 
отрицательноГо напряжения U2 доuна ~ыть всегда больше поло·-

. 1 u 
иите.nьного значения наnряжения ,1\ • Часть сrоложительной 

полуволны длительностью -~ исп~льзуется для зарядки всех 
.. й ) й . б 

основных еuхосте моделей. Процесс работы моделе в нео ходимом 

режиме проходит во время <Т кацего nериода. Пр ~Р{еЬl все 
.·~ 

источники напряжения и тока, играющие роль граничных условий 
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~ правых частей J~авнений при моделировании должны действовать 

в той части \ l i периода~, когда источник напря.~ения уже 
/ ..--

не заряжает основные ёмкости модели и когда отрицательная полу-

волаа напряжения запирает все uары разделительных диодов. 
. ' 

Ra рис.I nоказаве для nримера форма импульсов 2 одного 

т~кого внешнего источника тока. 

На рис.2 лредставАена схема модели обобщенной ветви, по 

которой "uижется" noтo1t векоторой · величины при решении заJJ,ач 

о распр~делении nотока в сложной цепи [2, 3}. с nомощью таких 
элемента~ (ветвей) могут быть построены модели объектов для 

решения задач о кратчайщем и о длиннейшем пути и о распределе­

нии nотокз. в с·етях елохвой конфигурации. ОnтимаJiьвое распределе­

ние потока оnределяется расnределением электрических ~оков по 

этим ветвям в uодели. 

На рис.2 . показава соединение с источни1tоu перемениого на­

пряжения I только одного эn~ента. таких элементов uожно, разу-

меется, nрисоединить множество. 

К общему ддя всей моДели источнику I с целью установки за~ 
"""' 

данной величины напряжения ва ёмкости присоединены две части 

делителя н~nряжевия '2а и 2Б. Одна часть де.nит напряжение, напри-- ._,. 
мер, через одну сотую, а другая часть делит с поuощью отводов 

через одну десятую от nолного напряжения. Если, наприuер, в 

первой ·2а и во второй части 2в будет по 9 отводов, ~о с помощью 
""""" . -. 

· двух первключателей uо:но установить на вхо~вых клеммах вапря­

. жение от нуля до 99 процентов. т.е. через один nроцент от пол­

ного напряжения Источника I. Такая декадная система весъuа удо6-
....,.__; 

на, так как требует небольшой ко1шутатор для установки через 

диоды 3 заданного наnряжения на ёuкостях 4. ·-
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Раз~~еется такая система коммутации nозволяет и расmиркть 

пределы величины насrряжения задаваемого для зарядки ёмкости. 

Так, наnример, части делителя 2а и 2в можно изготовить не по 
v.",.,.. '-"" ..... 

9, а по 20 выводов, что даёт возможность заддвать напряже'НИе 

через I : 400 от nолного наnряжения, и т.д. Кстати отметим 

удобство исnользования в этом случае шаговых искателей и nодоб­

ных иы коммутаторов для дистанционной установки напряжений на 

ёuкостях модели. 

С помощью трансформатора переменнаго тока 5,nервичный ток ,..._ 
которого устанавливается индtmидуально для каждого шунтом 6,. 

создается определенная сила тока в ограничивающем диоде 7. 
~ 

(Для обеспеЧения- нормального режима трансформа~ора тока необхо• 

димо вторую полуволну перемениого тока nроnускать через диод 8, -котор~й может быть установлен в дополнительной вторичной обмот-

ке трансформатора 5, как показано на рис.Э, или неnосредственно 

параллельна основному диоду). 

Для обесnечения прохождения тока в двух направлениях в 

задачах с двухсторонним потоком в ветвях исnользуется диодвый 

мостик 9, который даёт возможность току от внешней це~и, на­

nример, от источни~а IO nроходить через ёмкости 4 и диод 7 
.......... './"""-

при любой полярности напряжения или тока внешнего источника IO. 

на рис. Э nредставлена та же схема, что и на рис. Э, но без 

источника I и делителя 2, (сы. вместо них пунктир и диоды 3 у 

ёмкости 4). 
""""" 

При составлении схем сложных моделей сетей uожно не показы-

вать общие для всех ёмкостей источник I и делитель 2. 3аметюА 

к ·тому же, что nри наличии диоднаго остика 9 можно не ставить 
",.._. 

диод 7, так как диоды мостика 9 заменяют этот диод • 
../'>-

Таким образом, любая сложная модель при решении задач о 
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крат ча~шем пути, о распределении nотока и других задач может 

быть составлена и з ветвей рис.З (или 4). Подавая к~ граничным 
('"i 

точкам это й модели токи или напряжения в моменты Периода L2 и 
1 

изм ер ~я при этом распределение токов по ветвям,- можно, как ска-

зано выше, решить поставленные задачи. 

Е случае, когда та ~ли иная ветвь не ограничивает величину 

потока, можно не ставить ограничивающi-tй диод 7 и связанный с ним 

трансформатер тока 5 с шунтом б и дополнительным диодом 8. Эта - -
часть ветви ю;жна только тогда, когда величина потока ограничена 

в дан но й ветви определенным значением (например, nponycrвoй 

способностью дороги). 

В некоторых случаях ыоино заменить трансформатор ТОJЩ 5 . 

действием вс помогательной ёыкости 4 (сы.рис.4), каторую следует - . 
заряжать на достаточно большее напряжение с помощью дополнитель­

ного источника перемениого напряжения через диоды Э. Эта ёыкостъ 
-."./'" 

~ будет разряжаться в части периода .<'С~ на ограничивающий диод 
7 чере з сравнительно большие сопротивления II и этиы создавать ..,..,... 
зада нный ток в диоде 7. ~Рационально также использовать схему 

тра н зисторного преобразователя напряжения на ёыкости в силу тока 

ограничителя) . 

Наиболее простая схема ветви и модели пОJiучается nри одно­

направленном потоке и при несграниченной проnускной .сnособности. 

При этом не требуется диодвый мостик 9 и трансформатор тска 5 
"""""' 

(или соответv твующая ему ёмкость ~ на рис •. 5). 

на рис.5 пр едставлена принципиальная cxeua нелинейнего 

элемента модели сети, предназначенной для решения задач по 

рас чету гидравлически х , газовых, теnлофикационных и др.сетей. 

в этом нели нейнем Э !ементе дополнительно имеются несколько 

ёШ<ос тей 4 в данном примере три), которые ра~яжаются через 
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диоды 5 и соnротивлеdия б. 
_,../'-

Внешнее наnряжение (источник 9) через диодвый мостик 8, 
·..л." .,.._ 

если оно больше какого-либо из наnряжений на ухазанных ёмкостях, 

за пирает с поuощ:ью диодов 5 те и.nи иные цеш! (дио;п. 5, сопротив-
..- ·-

ление б). В cxewe, показаиной на рис.5, ёмкости 4 включены так, 
V'- - . 

что · они представляют собой вместе ёмкоствой делитель напряжения 

~ри их зарядке током от источника I через делители напряжения 

2а, 2в. 

Схема 5 nоказывает, как можно исnользовать nредлагаемый 

способ для построения нелинейных звеньев, позволяющих создать 

двухполюсник ~ кусочио-ломанной характеристикой. Наnряжение . на. 

входе этого двухnолюсника сопоставляется с некоторым рядом оnор­

ных напряжений ёмкостей 4, а диоды 5 выключают. те или иные -- - . 
соnротивления б и этиu изм~няют величину общего сопротивления 

"""' . двухполюс ниха • 
Разумеется в ыодели из таких нелинейных звеньев тапе могут 

быть включены ограничители тока, nоказаввые ва рис.2-4. 

Предлагаемый сnособ моделирования позволяет построить то 

или иное моделирующее устройство. 

Пусть, наnример, имеется объект, г;п.е необходимо решать за­

дачи сетевого цланирования. В этом случае извеС'тна струхтура 

сетевого графика, известна длительность каждой работы, а требует­

ся прежде всего оnределить критический путь от начала до конца 

~аботы. 

Ди~Аическая .модель для этих задач (рис.б и 7) составляет­

ся ~ связанных диода.ыи одинаковых ~uкосте~, mунтировавных 

одинаковыми соnротиВJiенияыи. на делителях наnрЯжения 2а, 2в уста-
,.,...~ 

навливаютс.я ЗЩlчения наnряжения, которые пряuо nроnорционалъны 

длительности работ, а к граничным точкам модели объекта, 
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соответствующим началу и концу всей работы, присоединяется 

имnульсный источник тока 8, который должен быть синхронизирован ......_ . 

с общиы источником перемениого напрР~ения I, nитающим через 
......... 

делитель все ёмкости. Импульс тока необходимо подавать в той 

части периода, когда уже l~- -.Jк~ _·- ·з е.: .... я зг.рядка ёt.q<остей. 

Решение задачи - определеF.· .... ~ =:: т:.' :-!'ч ескоrо пути - получает- . 

ся аута~ наблюдения на индихатора х 7 за прохождением импульсного 
·~ 

тока no диодам основвой схемы модели. Этот ток будет nроходить 

по наиболее длинному nути (критическому). 

Достаточно nоменять в этой модели направление диодов или 

транзисторных . ключей в основной схеме и импульсный ток пройдет 
• 

по наиболее короткому пу-rи. 

СJiе.цует отметиь, что когда известна m или иная статиче­

ская модеJIЬ объек~а (на постоянном токе), ~о очень легко по­

строить эквивалентную динамическую модель с ёмкостяuи по пред­

лагаемоыу сnособу. 

Такиы о6разсщ, nре,ц.nагаемый автороы способ моделирования 

отличается тем, что с целью nостроения эквивалентных известным 

статическим моделmL ("на nостоянно~ токе") ДJIЯ решения уnомяну­

тых задач, но малогабаритных, более надежных, менее трудоёмких 

и потребляющих меньше энергии динамических электронных моделей, 

во все ветви цеnей, где по условиям задач необходимы источники 

эдс, включаются заряженные ёыкости, а во все ветви цеnей, в 

которых по условиям нес6ходкuв ограничители силы тQка, включают­

ся диодвые ключи, присоединенные со вторичными обмотками импуль~ 

ных трансформаторов тока. . 

Для одновременной периодической зарядки всех ёмкостей мо­

дели исnользуется один общий источник nеременнаго напряжения 

с делителем, к котороuу каждая ёмкость присоединяется через 
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napy "раздеJIИтельных" диодов. 

Внешние источники (граничных условий) подводятся nериоди­

чески в момент действия отрицательной nолуволны nеременнаго 

наnр.Р.жения, заnирающего цепи "раздеJIИтельных" диодов. В этот 

же момент времени переходиого nроцесса производится измерения 

иск~uых величин в ветвях и узлах модели. 

Сnособ моделирования с nоыощью диваыических моделей, со­

держащих ёмкости, по эффективности эквивалентен сnособу созда­

ния нового источника nостоянного наnряжения с ничтожно малым 

внутренним сопротивлением и легко изменяющимся на выходе на­

пряжением источника, который по габаритам и стоимости со ответ-. 

ствует Обычной ёuхости (конденсатору). Только гиnотетическое 

создание такого сnособа изготовления новых источников постоян­

ного наnряжения может позволить сравнить эффективность старых 

(известных) и нового пр~.пагаеuого сnособа моделирования объек­

тов с очень большим чис.поu ветвей .в модели. 
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Рис • I. . Диаграмп -rmto:в и ваП1) .аевl. 

Обозначения: -t ~ время; '\' - периоJt; ~ -~е.вьвос-rь 
пОJiожительвой по.пуво.аиы ; ~f\- мпе.пьвос-rь отрица-rелъвоl 
по.пуво.пвъr перемениого вапр~евив U общего исs-очвпа; --
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iO ..__---fo . , 
ho • 2. t!Jre !МII!В!! IIOUI! О •IIТfPe.- 80H1IIIПOM аар._ 

••• (._оnи) • во'fО.....:ом 'I'OU (tравофорlанром ~) 

t · - 80H'I8D аер•епоrо аар1888•; 

~· ~ .. ..,.. аараев•; 

8 · -.uo• J.U sap.QI• iaoo~d; 

·- ..-oon; 
' ..lk'p&ВODopфlllorop 'I'OU ; 

6 -11JИ U8 P81"J'.IIIP088 08.181 !'088 ; 

7 ,- •ol1)a1RD81И81• uц; 

8 -~~еаомоrа~еавd ~; 

9 -uouvt IIIOМD ; 
IO. -•ве881 80t'OПD. 
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Рис. з.. .ПривцкП118.J[ьвая схема элеuевк uoцeu (авалоrично рис.З) 

Обозвачепв т е а е, по ва рис.2. 

5*-*3 . 
·. 1 . 1 '7 

....... ~---

~ н 

Рис.~. Ci~a элемеВ!а моцели с цополнитеаьной ёuхостью 4 .._ 
в качес!fве источника тока. 

06озаачен.в.и т е ж е, что на рис.2. II .:добавочное сопро­
тивление. 
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Рис. 5. Cxeua эхемента МОА8&8 AaR pe•eвiR неаввеlннх 

аиrе~раических заАач. 

Обозначения: 

1 - источник перемениого вапряаении; 

~ .2е- Ае~ители ваnряаении; 

З - диоды зарядки емкостеl; 

4 емкости; _ 

5. - АНОДЫ ОСНОВКОИ схемы; 

6 - сопроти~евия в цепи UOAOB; 

7 - сопротивление; 

8 - диодный мостик; 

9 - акешний источник. 



119 

2 

Рис.· 6. Схема uenpoввol модu• ce~e:loro rрафИАа дnя 

oпpeдeJI·eiUIJI nкриilческоrо8· пу~в. 

OбoaвaчeiiiiJl: 

I - 8Qtfoчвu пе ремевноrо вапр-ва; . 

2 - деJiв~мь вапрnевu ; 

З - диоды ~и заридки емкостей; 

4 - euoc~•; 

5 - · шу~ы ( соnро~имеRИЯ ) к емносtяк; 

6 - !равзис~ориые ключи; 

? .- индикаторы ~ока; 

8 - внешний имn~nьсвый ис~очвик сиnы ~ока; 




