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

Iwao Morishita
Department of Mathematical Engineering and Instrumentation Physics
University of Tokyo
Tokyo, 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-
3

tron. E.R.Caianiello” 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.
B ot o1.", E.n.Glaser”, D.B.Citper and PN.Cooper>, H.J.Scudder’, E.M.

Braverman8, B.Widrowg and others including the author1o.

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 dymamic
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 changes 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-
ture, the element has a remarkable property, that is, it has a tendency to
separate its inputs into a "spectrum" or a family of orthogonal components,
and to pick out the component of largest power for its output. This proper-
ty enables it to perform & variety of types of information processing such
as majority decision logic, data storage, pattern dichotomy and signal fil-

tering. It should be noted that threshold function is used just 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=1,2,+..,N, are assumed to be zero-

mean signals, i.e.,

E;(U:o, £ - DRI, 1)
The output of the element is a weighted sum of the inputs, i.e.,
N
y(t)=; v (£)x, (£). (2
The weights are adjusted automatically according to the equations
dwi(t) :
T +w; (B)=ax, (Dsgn[3(8)] ,  i=1,2,..0,80 (3)
Using the vector notations
x, (t) w, ()
xz(t) wa(t)
x(t)=| . | w)=] |, (&)
xy (t) L2
we have the simpler aspect
y(t)=w(t)'x(t), (5)
dw(t)
T +u(t)=ax(t)sgn[y(t)] , (6)
where the prime ' denotes a transpose operation.

sis

Since it is difficult to solve the system of nonlinear differential
equations (2),(3) exactly, an approximate analysis will be attempted.

First, the input signals xi(t) are assumed to be stationary gaussian
signals. The correlation coefficient between xi(t) and xj(t) can be obtain-

ed approximately by averaging xi(t)xj(t) for a time interval h, i.e.,

4
r éxi t Xy t =%§ xi(t)x (t)at, for all i, .j. (7)

ij 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
(3) from t-h to t, we obtain the approximate eaquations
dw, (t)

T
P ‘..E.
: +wi(t)—h g

T Hxi,(t)sgn[y(t)}dt, . IR e (8)

T



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

f(t)sgn[g(t)}=j_%1<?;f(t)g(t), (9
L e P

oF=g(t)” (10)
In this case, y(t) is also a zero—meﬁn gaussian signal, because a weighted

sum of zero-mean gaussian signals is alsoc a zero-mean gaussian signal.

Hence,
10t ¥
—-S (t)sgnLy(t)]dt-Jr— —_ = g x. (t)y(t)dt, (11
" t- O(t\ t-hl
where
t
O'(t)2=i§ y(t)%at (12)
h t-h

Note that y(t) is not a stationary signal, because wi(t) change with time.
Substituting (2) into (11) and carrying out the integration under the
assumption that wi(t) are constants, we obtain

t
Lg x. (+)sgaly(t) dufl_ L Vo . (13)
h e (r(0)] T oW J“ a3 :
Hence,
dw, (t) -
i = 9
i) 3t +ui(t)— O'lt) Zrln f )y d-l[%a, (14)
2
O(t)= Z Z r; oy (8w(2), (15)
or r-F
dw(t) o
T +w(t)= —Et:) Rw(t), (16)
0(t)2=w(t)'Rw(t), “7

where R is a NxN matrix with elements r. 550

Steady-state solutions of the above equations are given by
+ -

RE’= % )E.’ O‘c=_!.'R!" (18)
This means that the solution vector w* has the same direction with one of
the eigenvectors of K. Since a ccvariance matrix is symmetric and positive
definite, R has N real and positive eigenvalues Aqs Agreses Ay and there

exist N eigenvectors corresponding to these eigenvalues. Let the eigen-

vectors be Vyy Boseeesle Tlom. the solutions are given by
¥, "=c.u., 1= Py aneiily (19)
where c. are detnrmined bv
- )
“~
o e "Ry, . 20)
Q= ot )\ 185 (

If w* is a solution, then -w* is also a solution. The origin Q is clearly a

solution. Thus, there exist in total 2N+1 solutions.



There exists an orthogonal matrix P such that

L
PRP =diag( )‘1"\2”"’)‘11)'
Therefore, from the transformations
v(t)=Pu(t),
2()=Px(t), i
it follows that
y(t)=v(t) 'z(t), (23)
v (t) a (t
sv(t)= .ﬁg 2(t)sgaly(t)]at, (24)
t-h
Hence,
av(t) g : o
+v(t)= =y diag(xysdyseeesdyg)E(t), 25
G()%=x(8)" diag(hgsrgseee dpdE(t)= T A v, (82 (26)
When the eigenvalues are all distinct, the equilibriums are given by
[s} (o]
* O‘ * * s
vi=|vi | “¥i=[=vi|» 120,142 c05:; N, (27)
ki H
| .
{o 0
where
- _ *
vO-O, do=0, (28)
vz=o( Af cr;:o(,\i 1 i=1,2,c005Ne
When Ak=)\k+1=...=,\k+r_1 and the others are all distinct, the solutions are
0 (o}
(°] :
I 2§ :
* I D‘l * ot 3 i
= vil -vi=|-vi|» 120, 1,25 svas K1 KK, ows s Ny (29)
|-
lo o
where
* *
N A (30)
vl:o(/;\_; , O‘-’=0(/\‘-’ 121,200 ey E=lskirg, Sl
= 1
and
fo ]
E
o, |
e |
E.{(z l l' (31)
| Vicer-1
|o . .ﬁ
.
e
wherses
A+r-1
(32)

2n



The stabilities of these points can be discussed using the second
method of Liapunov. We can show that only a pair of equilibriums correspond-
ing to the largest eigenvalue are stable and the others are all unstable.
Moreover, we can show that all solutions tend to either of the two as t-co.
As an example, phase~plane trajectories have been calculated for a two-input
element with values (=1, )\1=1. )\2=0.6 and (=1, )1= 7\2=1. Fig.2 shows the
results.

The outputs in the equilibriums v,°, 12‘,.... EN. are given by
v (8)*=v "z, (2], 121,25 00,0 (33)

Clearly yi(t)' make a family of orthogonal functions. Then, let us define
a family of normalized orthogonal components

ei(t)=yi(t)'/o{)\i, i=1,2,0004Ne (34)
From (33),(34) it follows that
N
x.(t)= c. .e.(t), i21,2,e00,N, (35)
i J; 3473
where _ &
(oyy )=P" Q128 /Ky figseeendiy)- (36)

Also, we obtain

£ 37
AT o :

Thus, each input can be represented by a weighted sum of the components and
the eigenvalue Ay is equal to the total power of the i-th eomponent °i(t)'
Since all solutions tend to either of the two points corresponding to the
largest eigenvalue, it is clear that the element picks out, at the steady-

state, the component of largest total power as the output. This is one of
the most fundamental properties of the element.

Even in the general case where the inputs are not restricted to
gaussian signals, the 2K+1 points givem by (27) are also equilibriums, where
we should define

"i"“i(t)"‘[zi(t)]‘ 11,2, 000sN0 (38)
Also, the tions (35),(37) still hold, if we define
)‘i=zi(t) . %7 2 000 M0 (39)

However, the stabilities of the equilibriums are mot necessarily same tc the
anove results, because in general they are affected by the waveforms of .t'ne
inputs. Ir 2 special case, it is possible that N pairs of equilibriums are
ail stable. Stability of cne point, for ewampie, of y_k‘ ecan be discussed
using the linearlized equations

d_pj (t) (40)
” - ‘(t)-o. B



dp, (t) - - (t )z (¢t ) :
2 S %= (e, 1._’.3_’}Fj(t), (1)
je1 = ed zk(tr)
where
p.k(t)-(vk(t)-v;)/v', (42)
pi(t)wi(t)/v 4 for all ixk,
and

tr, r=1,2,ce048, are the time instants between t-h and t such that
r.k(tr)ao,
S r=1,2,...,m, are the polarity of zk(t) between t.and ¢t

2 (¢ )agd zk(t)'t-tr.
1t zk(t) is a binary signal, the point !k‘ is stable, because ik(tr)- co
for all r and the right side of (41) vanishes. For sin wave inputs equilib-
riums of a two-input element have been investigated. Let 51(t)-e1cosuat,
zz(t)=c2coa 2dt. Then, !_1‘ is stable or unstable according as e42 ¢, or
¢4 %€y and 12‘ is stable or umstable according as e1£ﬁc2 or e1>fzez. Let
31(t)=c1ainwt, zz(t‘)acasin 2o t. Then, !1° is always stable, and 12‘ is
stable or unstable according as c#ﬁcz or °1>/§°2' 3

r+1°

Simulations on an Analog Computer *

A number of simulations were carried out to verify the theoretical
results obtained above. A part of them will be shown in the following.
]

On an computer Hitachi AIM-502T, a two-input element,
y(t)=u1(t)x1(t)w2(t)x2(t),

dw, (t) dw,(t) -
dl +w, (t)=ax, (t)sen[y(t)], ’l'-a-i—— +w,(t)=ax,(t)sen[y(t)],

was simulated with the experimental value T=10s. As input signals,
pseudo-random signals, sin waves and binary signals were md_.

Simulation 1
Two pseudo-random signals were given as the inputs. That is,
x1(t)=c1n1(t).. xz(t)-cznz(t).
where n,(t) and na(t) were obtained by passing a binary signal of M-sequence
and its delayed replica through low .pass filters. Their waveforms are shown
in Fig.3. The phase-plane trajectories obtained with experimental values
¢ =1,¢,=0.8 and ¢,=c >=0. 8 are shown in Fig.4(a) and (b), respectively. They

1
show ~aod agr ments \n.th the theoretical trajectories shown in Fig.2.



Simulation 2

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

x1(t)=c1sin 2t, xa(t)=czsin 3.6t.
With values c1=1,c2=0.5 and c1=1,02=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 c1=0.8,c2=1 are shown in Fig.6(a) and
(B)s. “EF x1(t)=c1ain 2t, xa(t)=czsin 4t, then u,* should be stable, but in
this case the frequency of xa(t) is not just twice of that of x,(t) and
their relative phase slowly varies with time. Thus, with values c1=0.5,
c2=1, lh. becomes unstable. Similar results were also obtained with the
inputs x1(t)=c1cos 2t, xa(t)=c2coa 3.6t.
Simulation 3

Two binary signals were given as the inputs. That is,

x1(t)=c1sgn[sin 2t], x,(t)=c sgn[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 conditionm, ¥,* should be stable always,
but the results show that when 4 is 4 times as large as s the point is
practically unstable. Large fluctuation of w1(t) due to the large amplitude
of 21(t) enables (h1,H2) to go out from a stable region restricted to the
neighborhood of !2‘.
Simulation &

When values of €q1C, are changed with time, the stabilities of'!1‘,!2‘
also change. A simulation result with the inputs

x1(t)=c1sin 2t, xz(t)=czsin 3.6t
is shown in Fig.8(a). TFig.8(b) shows another exampie where the inputs used
were

x1(t)=e1(t)+ea(t), xa(t)=e1(t)-e3(t},

e1(t)=c1sin 2t, ez(t)=c:sin 3.6%.
The result shows clearly that the selection of the output is performed on
the basis of the total power of each component.

After all, it has been shown that without regard to initial values of
w1(t),w2(t), the element picks out the component of largest total power as

the output, if its power is .much larger tnan that of the other.

Discussions on Some Possible Applications

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

interpreted for some types of information processing.
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Majority Decision Logic and Data Storage
Select an arbitrary family of N normalized orthogonal components e, (t).
Let each input of the element be one of the components. Then, in the equl-

libriums, one of the components is given as the output. Thus, interpreting
the 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 e (t) is fed to input terminals of number n,, the
total power of this component is equal to o, . Thus, if n is much larger
than the others, the element goes to the state "k". Majority decision logic
can be obtained. Changing values of N, y05yeeeyBy, We can make the
element go- to a new state. On the other hand, the element can remain at the
last state, if all n, have nearly same values. This means a data storage
operation.

For example, consider a three-input element with thres components e1(§),
ea(t),eB(t). Let e1(t) and ea(t) be fed to the first and second input termi-
nals, respectively. Then, according as e1(t) or ez(t) is fed to the third
terminal, the element goes to the state "1" or "2", If the third component
es(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-
th 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 "+", "-". Consider a zero-
mean_binary signal p(t). Let subsequences of patterns belonging to "4 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 set §2; ui(t)=p(t) or -p(t),

the second set(l,: u, (t)=1 or -1,

the third set §23: ui(t)=b;na:y random signals.

To satisfy the condition ;;TES:O, the transmission lines from the retina to

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

x. (t)=u, (t)=u, (t).
i i i

Hence,
xi(t)=p(t) or -p(t) for i e §2;,
x, (t)=0 for i e (27,
1 -
x; (t)=zero-mean random signals for i ¢ 23,

The inputs belonging to the second set play no role, but those belonging to

the third set give disturbances. However, if the deformations of the sample
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patterns present-i are relatively small, then the total power 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 pattern
dichotomy.

Ce. Signal Filtering

When all the input terminals of the element are connected tc a tapped
delay line as shown in Fig.9(b), the =lement works as a filter. An essen=
tial property of the filter will be shown most clearly by giving a special
form of input

M
xi(t)=xo(t—iA) . xo(t)= KZ-:J§<:k<:o:s(k¢.)ot<|»9]‘() s (43)
where
2T/, =2MA, M=N/2.
Taking h=2 7t/ , we obtain
Z ¢, cos ko{i=3) « (L4)
i K=1 -
In this case, two eigenvectors correspond to one eigenvalue, i.e., )
cos kcooﬂi [sin ka4
|
s , :
| : 2
s !cos ik@,4 |, ¥, = |sin ikod A=Me k=1,2,000,M. (45)
Los M. sin 2MKd,
If }‘k is the largest, then the stable equilibriums are given by
*_ * *
oy Py iy
where

s coszek+gasin26k= clz/k.
Therefore, the steady-state output is given by
*
7, () =2Mc, (Acos kwst+Bsin kwgt), (47)
where
A=fcos@ +gsinf, , B=fcos Bk-gsm ﬂk
Thus, the element picks out a pure sin wave, and it is the component of

largest power. More generally, the input may be of the form
n
xo(t)= Z; [Be, con(Qtr8 )y ©D,<W,¢ e (Dp (48)
A 5

In this case, too, it can be shown that the element gives a nearly pure
sinusoidal output, if
n«N, 2n/¢.)r>> 4 >>27!/Nt01.

When the input xn(t) is a sin wave corrupted by a random noise, it picks out
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the sin wave as the output1°. When input terminals of the element are

connected, not to a tapped delay line but to an antena array,.the element
works as an 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 shown 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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Fig.2. Theoretical phase-plane trajectories for gaussian signal inputs.
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Fig.6. Experimental phase-plane trajectories for the sin wave inputs, x1(t)=c1sin 2t, xa(t)=casin 3.6t.
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(5)21(t)=c1(t)sin 2%, xz(t)=c2(t)sin 3.6t. (b)x1(t)=c1(t)ain 2t+c2(f)sin 3.6t, xz(t)=c1(t)sin 2t-c;_,(t)sin 3,6t.
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(b) The element connected to a tapped delay line works as a filter. A
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AN ADAPTIVE AUTOMATON' CONTROLLER
FOR DISCRETE TIME MARKOV PROCESSES

J. S, Riordou
Faculty of Engineering
Carleton University
Ottawa, Canada

1. ° INTRODUCTION

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
a number of Soviet authors.1-4 Applications to multimodal hill-climbing and
adaptive control have been considered by McMurty and Fhs, McLarenG, and
Nikolic and Fh7i Riordon8 has investigated the relationship of the auto-
maton controller strategy to the problem of dual concrolg, Chandrasekaran
and Shen10 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
almost exclusiveiy to the problem of single-stage cost minimization. In the
case of off-line optimization, however, when the process dynamics are known
statistically, considerable work has been done on the multi-stage problem;
the use of dynamic programming and the maximum principle in discrete multi-
stage decision processes is a well established t'.ec:hﬂi.clne.n-13 It is the
purpose of the present paper to combine the methods of recursive decision-
making and automaton control io develop an on-liqe adaptive feedback control
algorithm 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 process with a state variable x(n) at
stage n(n=0,1,2, ...®), 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 ocutput x is quantized into a set of N discrete
intervals ¢ = {61. ‘2’ ees ¢N} s each one designated as a process state.

For gach process state ¢, there exists a set of I’ discrete alternative

cbnttol inputs {vik,k.-liz. I‘}. Let the element: gik of the space
E =oxYy (where W is the set of all inputs Wik) be -denoted decision states.
A decision state §ik(n) = (di(n), Wik(n) ) defines the event, "process state
at stage n is éi; a decision has been made to apply control alternative k
during the time interval between stages n and n+l1". Note that the pair
(‘1’ ij) is admissible as a decision state only if i=j.
The discrete state dynamics are defined by an N x N x I’ 3-matrix P

whose elements pijk are unknown but stationary.

Pyge = Pr [ 6D =4 | 6 = 5] eH)
Process costs are defined by known stationary matrices B and C, where

B = N x I’ control cost matrix each of whose

elements b,  is the cost of using

ik
control wik'

C =N x N transition cost matrix each of
whose elements c.. is the cost of a
probabilistic transition from state ¢,
to state ‘j' #

The feedback control policy is defined by an N x TI" decision matrix D
each of whose elements dik is the probability that control alternative vik
will be applied when the process state is ¢i. The object of control is to
determine a stationary optimal policy D = D* which minimizes 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 control system, comprising
the following functions:

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

updated at each stage of operation.

2. Policy Estimation An estimate of the optimal feedback control

policy, based on i, 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
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one of the I' alternative control actions for a given process
state 61(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 proéess transitions §ik(n) - dj(n+1) are stored
in an N x N x I" integer 3-matrix M each of whose elements mijk is the number
of observed transitions from state di to state ‘j when the control action is

¥ Maximum likelihood estimates of the elements of P are given by

ik’ r¥
- ijk
pijk s (2)
N ik
where nik = Z m]ij (3)

j=1

The expected cost of one stage of operation starting from decision

ik

state gik is denoted K, ., For large values of L (obtained in a long
duration process), its estimator is normally distributed14 with maximum like-

lihood value

N
T
By = P ¥ Aiijk 43 *
j=
and estimated variance -
.2 1 " 3 2
= — 1~ c
%k " a Zpijk( Py Sij
ik &
N-1 N
\umni
2 ) Z 5. g e )
A ijk "igk ij 'iq
j=1  q=3+l

2.4 Policy Estimation

Two problems are involved in policy estimation, The first is that of
computing the estimated optimal policy ﬁ*(n) =[D*| P= E(n)], The second is
that of updating S*(n) to obtain ﬁ*(n+1) when a new observation changes ;(n)

to §(n+1). The first of these may be solved by the use of a variant of a well
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11 .
known algorithm , necessary details of which will be stated here without

derivation. Let the matrix f be defined by

tij = i dik 13“k . (6)
k=1
=pr [$@H) =4, | d@) =45 B, 0]

-~

e -idik Pik , 0
kel

A set of N adjoint variables G:l’ i=1,2, ...N may be defined, in which
V?N = O without loss of gemerality. If g is the conditional estimate of the
expected cost per stage, then steady state operation is described by N

simultaneous equations

N
v -‘1 +thij vj -8 8)
=1 ,
= ~ -~ -~ N
ru : ru tl(ll-l) -1
Ty rzz ~es rZ(II-l) -1
Let T = . . e . )
feen1 f@en2ttt T (N-1) (8-1) =3
3 £ P ' 0
| m N2 TN@a1) ]
~ -~ -~ T .
2= s Lye one £) (10)
and define a column vector Z such that
zZ =3 i=1,2, ...N-1
Ao 1y
- Pl
Then (8) becomes .
E=Tz+12
i.e. z=Qq-12 Q2)
where 6 = (I-'i‘)

I = identity matrix
For any policy D, solution of (12) allows the computation of a set of
variables
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My Mt Z Pijk V5 13)
=1

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

achieve the minimum T
4 M;n{Z . ﬁik} o il ooy (14)
k=1 :

Iteration of (12), (13) and (14) results in a stationary optimal policy
D=D*, Kashyapl2 has shown that if P is known, then the eiements of D*

are either zero or unity; that is, a deterministic feedback policy is
optimal., While D* is similarly deterministic at any stage, it is subject to
change as new process information becomes available. For a given set
{B,C,f,ﬁ*} every element S*Ik

where the control alternative $=8(i) is defined by
1 1 15
*‘s'“f‘{“u:} (s)

(n+l) causes element

of row i of D* is zero except element 3*13,_

At stage n of the process a transition §ik(n) - ‘j

Tijk to be incremented by one u?it. Equation (2) shows that only one row of
P(n) need be altered to obtain P(n+l). While the updated policy estimate
5*(n+1) could be completely recomputed using the new data, such a procedure
would be computationally prodigal. Instead, a simple method of updating
6‘1 recursively will be introduced to eliminate the requirement for a matrix
inversion on-line at each stage of the process.

Equations (6) and (15) show that

tij(n) = ﬁijk(n) k= S(i,n)i’j =12, ...N (16)

Suppose that a transition from decision state §1§ is observed at stage n.
Matrix §(n+1) is easily obtained from (2). The problem is to determine
whether the estimated optimal control policy remains unchanged; i.e., whether

§(i,n+l) = S(i,n) for each state di. Initially, let

fij(n+1) =p . (n+l) 15 =152 s 5N (17)

ijk k=S(i,n)
so that no change is assumed in ﬁ*. Also, let

e, > = N element column vector of zeros, except element i
=i :
which is unity,

w > =N element column vector of units

and let the symbols .>, <. , <+ +« >, and .> <. represent respectively
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a column vector, a row vector, an inner product, and an outer product
(dyad).

As a result of the observed transition §1;(n) - ¢ _(n+l) only one row of

J

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

R(n+l) = R(n) + g ><eg R@+1) - R(n) ) . (18)
From (9), f(n) is given by

() = R(n) (T-eg><e) -u><gie ><e (19)
so that »

a(n)-(1ﬂ><gu-en><_e“)+ﬁ(n)(g“><gﬂ-1) (20)
From (18) and (20)

Qat+l) = Q) + e>< @ (21)
vhere <@ =<, R@+1) - Rn) ) g ><ggl) (22)

Application of the matrix inversion lemma to (21) yields : . G
A -1 a-1 ~-1 -1 £ - |
Q (@) =Q (@ -Q (me> <2Q "(n) g>4l) <xQ (m) (23)

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

; = 51 gL
o) =0y - L@ a><20 @ (24)

<eqlm g >+1

Inversion of 6, the most time-consuming step in the policy estimation
procedure, is therefore reduced to a simple recursive equatioﬁ. Once
6-1(n+1) is obtained, equations (12) - (14) are applied to determine whether
or not ﬁ*(n+1) differs from 5*(n). If it does not (this is the usual case),
then updating is complete., Otherwise a modified version of a(n+1) must be
derived from ﬁ*(n+1) by means of (6) and (20), and inverted. Iterative policy
improvement then takes place, as previously discussed. Note that the procedure
i§ simplified when an exploratory control action *lk"k # 8(i,n), is chosen at
stage n; in such a case ﬁ(n+1) = ﬁ(n) from (17), and it is unnecessary to up-
date Q'I(n) before testing the estimated control policy. A flow diagram of
the on-line updating procedure is shown in fig. 2.

It can be shownl5 that the elements of row N of a'l(n) are Rl(n),
ﬁz(n) o RN(n), where Ri(n) is the estimate, conditional on f(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: The 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 algorifhm which attempts
simultaneously to control the process and to discover the optimal policy when
P is uncertain, In a léng duration stationary process a strategy is said to-
be convergent if its use reduces the error probability to zero asymptotically
(all o, ®), 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 ¥ At each stage of the

5
process the strategy used to seek 7, = Min {“11 kisie ﬂir} is that which
incurs minimum expected cost for a given reduction of the single-stage error
probability Qs where

o, =pr [ 51) #s®) | ® 8, C] (25)

It is assumed that the estimates of {nik} are normally distributed with
conditional means {ﬁik} given by (13) and variances {aik} given by (5). The
latter approximation, introduced for the sake of computational feasibility,
ignores the variance of the last term of (13), but does not preclude the
convergence of the strategy. Following the results of Riotdons(in which a
derivation and proof of convergence of the single-stage strategy is givenm),

a mixed strategy is used. The control decision is decomposed into two
parts:

1. For a given di, the probability 9i of choice of the

estimated optimal control action *13 is given by

6. =1-7vQq ’ Ta < 035
i i (26)
= 0.5 N ¥ Qi > 0.5

where ¥ is a constant fixed by the designer.

2. 1f WiE is not chosen, then V¥ k # S(1), is chosen

1k’
so that



exp(- 5.2/2) exp (- p2/2)
ik iq
i e 2, 3 i
ik ik q=1,2, ...r iq “iq
q#s (1)
% fiig - iy
where ™ e e (28)
iq
The value of Qi is given by8
Tt
T Z Fie (gg) ()
k=1
k#s
where Fik is a gaussian cumulative distribution function
X
- 2
1 1 -
B e f gt d (Lot Ly (30
o %k

The value of Qi is easily determined on-line by interpolation from a
look-up table of normalized values of Fi.k(x)’ For 7 constant, alllvalués =
L i#s, tend to zero with this strategy, so that the asymptotic
probability of a correct control choice for every state ‘i tends to unity,

The parameter 7 is known as the convergence factor. A high value of
7 causes 91 to decrease rapidly by increasing the tendency of the sutomaton
controller to experiment for estimation purposes; concomitantly a high
operating cost is incurred early in the life of the process. A lower value
of 7 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 state di the alternatives Vn, . ‘{fﬂ,
are samples of a continuous control variable ui(‘i) and that parameters
Tlik(\lfik) are samples of a continuous variable “1("1)' Then for minimum
cost operation of the automaton model, one of the discrete control
alternatives must be made equal to u;f, the value of u, which minimizes
T\i.m Suppose the control alternatives constitute an ordered set in which

Wil < ViZ Ciiee < When P is uncertain,.a first approximation to

S o
optimal control quantization is obtained (under the assumption that g is
at least a locally unimodal function of ui) if Wig is an interior member

of the set V, ’{Wil seh Wi"‘}’ or is at a control constraint boundary.
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To attain this goal, the structure adjustment loop in fig. 1 adjusts

the quantization of u adaptively. If S(i) = 1 and @, is less than some

threshold value, say 0.5, the range of u, spanned byithe set Wi is shifted
by adjoining a new quantm: level 1!10 < "u and deleting the ma.ximm: control
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 §(i) = I with probability greater than 0.5, the whole range is
shifted in a positive direction. In this way the control range for each
state ‘1 "creeps" either upward or downward until 1 < §(1)<T or a control
constraint is reached., When this adjustment procedure is complete, more
sophisticated methods of stochastic hill cli.mbzl.ngl7 may be used to determine
an interpolated value of uI s so that asymptotically a control input

‘”13 = *is = u: is selected,

A further structure adjustment loop may be added to modify the
quantization of x, One way of achieving efficient state quantization is to
vary the intervals covered by states di until the steady state probabilities
of occupancy, ni, are ‘all eq\ml.]'8 Estimates ii(n) may be obtained on-line
directly from the Nth row of matrix a'l(n), and the intervals adjusted
accordingly. Because Rl’ ... T are functions of the control policy, this

N
adaptive loop should be placed outside the control quantizing loop.

3. SIMULATION RESULTS
3.1 The Px:ocess]'6

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

x(n+l) = x(n) {1.005 + 0,015 tanh [0.1(x(n) - 803.446]}
+0.00333 u(m) + { (@) + {,(m) + §3(n) + £, @) (31)

where x(n) = temperature (°A) at stage n.
u(n) = heat input (kilccalories) at stage n.
;l...ga - are independent samples drawn from normal zero-
mean distributions with the following respective

standard deviations o i s
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o, = 0.0002 x(n) ¥ | x@) - 800

o, = 0.005 x(m) [1 + |x(n) - 800] 7 3

o, = 0.0005] u | (32)
D 'L

y =1, x() > 800; y=0, x(n)< 800

The object of control is to maintain the temperature at or near 80C°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 L1 defines the cost in cents of deviations from
the desired temperature:

Ll(x(n), x(n+l) ) = 0.015 [ (x(n) =~ 800)2+ (x(n+1) -800)2],
x < 850 3
If x(n+l) > 850°, then a shutdown occurs at a cost of $28,.80 and the process
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 to
a reduction in the expected lifetime of the control equipment, In any case

l u@;)l cannot exceed 104 kilocalories. Control cost in cents is given by

\ 6
L,(u(n) ) = 0.002 , u(@) | + 60 (—‘{é’zfl) (34)
where Jum] < 10* - (35)

3.2 A Priori Estimates

For control purposes, the a priori estimate of system dynamics was

x(n+l) = x(n) + 0.003 u(n) + {(n) (36)

where {(n) is normally distributed with mean zero and variance 100, 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), e

Matrices B and C were calculated from known costs (34) and (33)
respectively; P was obtained from (36). From f, B, and C the a priori
estimate of the optimal fecdback characteristic was calculated by the
method of reference 16, This characteristic, obtained by interpolation
between values uz(éi), is shown as curve A in fig. 3. Five control

alternatives, spaced at 500 kilocalorie intervals and centred on u;(di),
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were chosen for each process state (I' = 5).

3.3 Simulated Adaptive Control

Fifteen hundred stages of operation were simulated on an IBM 7090
digital computer. A convergence factor of 10 was used with the automaton
control strategy of section 2.5. Coarse adjustment of the comtrol range,
as discussed in section 2,6, was included, but no adjustment of state
qua.ntiul:ion. The results, averaged over blocks of 100 stages, are
summarized in Table I, Program rumming time was 6.3 minutes,

TABLE I
ADAPTIVE CONTROL OF NONLINEAR HEAT TREATMENT PROCESS

Average of Previous 100 Stages

Stage Mean std. : Cost/Stage Remarks

No. Temp (°A) Dev'n(°A) Cents

100 787.50 3.60 9.32 ° Temperature below 800°

200 796,62 13.10 10,63 ° Exceeds 800° at n=181

300 822.44 6,71 : 26.51

400 818,94 71.72 22,04 Temperature in the

500 820.55 6.82 24,93 vicinity of 820°

600 822.49 6.67 28.32

700 802.83 16.00 © . 14,15 Forced below 800° at n=647,
800 789.54 2.80 7.24

900 789,40 2,84 7.69
1000 789.70 2,78 7.24 Temperature in the
1100 788.81 3.09 8,04 viéinity of 789°.
1200 789,55 2,92 7.33
1300 789.32 2,81 7543
1400 790.11 2.87 6,97
1500 794,31 3.57 4,37 Stable operation near 800°.

Control of this process is somewhat analogous to the problem of main-
taining an inverted pendulum in an upright pos:lf;:lon. since the desired
operating temperature is a point of unstable equ:l..librium. However, this
fact was not recognized in the calculation of the a priori feedback
characteristic., Consequently the temperature remained below 800° for the
first 181 stages of operation since insufficient heat was applied. During
this time the feedback characteristic altered adaptively so that the mean
temperature increased. As soon as 800° was exceeded the unexpected
exothermic reaction caused the operating point to move up to about 820°.
Amaximum of 844,.3° was experienc'ed at stage 523, but no 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 significantly from the a priori one in the
vicinity of x = 800: Also sthn (curve C) is the optimal characteristic
calculated from the true system dynamics.16 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 of
adaptive minimization of a fairly genmeral cost fuﬂction 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
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Elliott Process Automation Limited,
Borehamwood,

Hertfordshire,

England.

1.0 INTRODUCTION,

The development of the art of d.d.c. has over the past few years been
slow., Obviously with a powerful tool like a digital computer able to make
logical decisions about the quality of control it might be surprising that
greater use is not made of this available power and flexibility. One
reason for this is that the well tried, well known two or three term
controller has proved to be adequate in process control,

On 95% of process loops this is so and there is little pay-off in
using anything else. The small percentage of loops with difficult dynamics
represents the only field warranting special development work in control
algorithm design.

Most d.d.c. applications in the process industries make use of the
digital equivalent of the two or three term analogue controller, One of
the reasons why more sophisticated digital controllers have not been used
is that although it is possible to derive fairly accurate plant models, the
dynamics of process plant change sometimes unpredictably as a function of
time, Indeed the process itself may change due to ageing catalyst or
deposits of material altering heat and mass transfer coefficients or ambient
conditions and various random process changes which cannot be measured.

Not only do plant dynamics alter when operating at a particular level, but .
if that level is altered then an equivalent change is reflected in the
process dynamics.

Highly developed digital controliers tuned to give\ responses optimum
in some sense rapidly become unstable as the plant takes on some new mode

of behaviour,

It is virtually impossible to predict the dynamics of process plant
accurately over the operating range of the process for any reasonable
length of time.
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It would therefore wees that there is a definite need for a digital
controller not unduly affected by varying dynamics, which ensures stability
th‘roughout the whole operating range of the process and which does not
require any specialised manpower for tuning or operating purposes.

2.0 THEORY,

Bang ~ bang controllers have been used for many years and quite an
extensive theory has been developed for determining optimm switching
times to give best responses, Usually this involves plotting trajectories
in the phase plane or space and finding a best switching line or switching
surface, It is a well-known phenvmenon that when mis-match occurs between
a phase trajectory and switching line then the controller output will
chatter. This takes place when behaviour of the system demands that on
crossing the switching line or surface the new trajectory is immediately
driven back across the switching line, Thus if the line passes through
the origin of the plane or space the system state, on average, follows the .
line to the required goal.

This is illustrated in Fig. 1.

If the plant dynamics is R’?‘s‘&) say, and the two drives are + E,
with g the plant gain and j* the time constant and the origin is the set
point, then a +E trajectory will strike the switching line at a point such
as A, On crossing the line a -E trajectory will drive the syntei state
towards the origin until the trajectory again cuts the switching line at B,
A +E trajectory will immediately push the system state back across the line
and a high frequency chatter will occur until the origin is reached. The
shapes of the trajectories are, of course, dependent on plant parameters g
and 7 , but while chattering occurs the response down the :ﬁtching line is
substantially indopendﬁnt of these parameters, and the controller effectively
behaves in an adaptive manner.

The optimum switching line for this system is the equation
X -é' [EI log (1 +‘YI) ] -7TY, however in practice it is much easier to
construct a linear controller of the form, (e + a g%) where 'a' is a

predictor time constant and defines the inverse’ slope of the switching linme.
In the process industries it is extremely difficult to obtain derivitive
signals apd 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 line by choosing the 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 Bagsic System Plant ics.

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 change then the initial trajectories
will be those as shown. In the top half plane the trajectories always
move towards the positive X values, i.e. towards the 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. As
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 reasoning can be applied to a negative set point change.

Changes in time constants, plant gains 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 m)
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
& _ Eg+ Y
by & 54

2
Y

Since the slope of the trajectory is always greater than

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

- ol £
3.1.2 Plant equation is (Tls"l) 162 25*_17

Since this transfer functipn has no integration term then
the trajectory shape alters with X. In the case where the plant is more
than critically damped the shape of the trajectory is as shown in Fig. 2.1,
This can be split into two parts corresponding to the effect of the eigen-
values,

The first is for large values of velocity where the lines
are almost straight and parallel and the second is the common 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 need be comsidered is that given by the inverse slope of the
switching line p&allel to the trajectories at large positive values of
velocity.

71. 72

This can be derived as F1sr2 "hich is equal to % for a

critically damped system.

It is interesting to note the difference between a first
order system - either ]’1 or T, is zero - and a second order system with

one of the time constants very small.
If Tl =0, 7’2 = 40 say then the switching line is

vertical in the phase plane, but if Tl =1 and T2 = 40 then the switching
line slope is approximately unity. Hence, a change of just one second has
the effect of rotating the switching 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 set 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 acceptable amplitude of the limit cycle

experienced around the set point. The amplitude X of this limit cycle
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can be defined theoretically in the following way.

a) F t h .
Plant equation is X = ?E*sfi
If & xi is the initial position of X the equation becomes
E
T (sfxx,) + Ix -« &
E + 7sx.
or [X = 3 YSsa

Taking the inverse transform and bearing in mind the symmetry of the
limit cycle, it can’be shown that the peak limit ecycle amplitude is

X = +E tanh T/27
b) Second o t wi ime .

Plant equation is X = s jfESvtl

In a manner similar to that used for the first order system, expression
for the amplitude of the limit cycle can be shown to be

X =« B Tlog. [cuh %,]

; %
wvhere n is a positive integer. This means that 2 nT sasples oceur
per limit cycle period.

¢) Second order plant.
Plant equation is X = -(——B*—j-
7 5)(7 51

For this plant equation the limit cycle magnitude is given by

3 27 Tr* T2
B " 7 =3

B iy il ger

(tnnhaT 1) ity

4.0 TUNING,

e

Two methods of tuning the controller must be used depending on whether
the systom has ipherent integration or mot. Systems with integration are
easily recognised, and are to be fourd in acme chemical reactors., If the
system has integration in it then the drive forces must be oppesite in asign.
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The size of these drive forces depends on the nature of the process; if the
process "runs away" in 2 minutes or 5 minutes then the drive mmst be chosen
for the worst case.

In the case of plants with no integration a band round the set point
should be chosen say + 10% for the drive forces. If the set point is
changed, this band could be moved automatically with respect to the new set
point value.

The slope of the switching line has been found to be generally
applicable to most situations when the predictor time constant takes a
value between 5 and 10.

However an estimate can be made for the maximum slope of the line
using the theoretical approach described in Section 3.1.

By using Figs. 4.1 and 2, and knowing the maximum allowable limit
cycle amplitude, a value of drive can be calculated.

If the sampling rate of the controller is such that the control
element, e.g. a valve, moves slowly with respect to one sample period,
then no problem exists in calculating the value of drive.

5.0 RESULTS.

Step responses have been obtained considering three types of plant.
These were a predominantly first order plant, a plant with two time constants

and a second order plant with an integration term. Figs. 5.1 and 5.2 show

an array of step responses obtained for plants with dynamics x,e'Ds

7’131-1 T25+l

Since many plants in the process industries have approximately first
order dynamics then for this first caseTl was made equal to one second and
a range of T g Yas considered from 10 to 60 seconds. Deadtime of 4 seconds
was included in some of the runs and for the most part did not degrade the
responses., Only 'ithj’z = 10 did the deadtime cause the limit cyele
amplitude to become noticeable, The responses are all well-damped with
no oveuhoof.. Changes of plant gain were tried but these had no great
effect. All the responses in Fig. 5.1 were obtained with the identical
. controller with a time constant of 5 seconds.

Fig. 5.2 shows the curves obtained for a system with two time constants
'hereg‘l = 10 seconds., 7 o Was varied from 20 to 60 seconds, Again, it

can be seen that all the responses are well controlled despite the range
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of variation of7,. Deadiime of 4 seconds was included in some of the
runs but again ha:i little effect, The beontroller was again fixed for all
the changea in dynamics, also with a predictor time constant of 5 seconds.
rain changes have little effect and the system stability is ensured with
well-damped control,

Plots for the results from the third system are shown in Fig. 5.3
whgre the controller is again of fixed form with a time constant of 15
seconds., Plant dynamics of this sort sometimes occur for- exothermic
reactions. Deadtime of 10% of the plant time constant was included and
the plant gain changed by a factor of 4. Only with both of these factors
involved did the limit cycle amplitude reach a value which might not be
acceptable.

6,0 CONCLUSION.

A different approach has been proposed for d.d.c., in the process
industry. The major advantage of it is that control is to a large degree
very much insensitive to large variations in plant dynamics. Also the rate
of approach to a set point is a function of the controller and not of the
plant. Tuning of the controller mainly involves the choice of the 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 state then has little opportunity to move far away
from the switching line, before the next sample can take the necessary
correciive action. In this paper it has been assumed that a sampling
period of a second has been used and dominant plant time constants of as
low as 10 seconds have been shown to work satisfactorily. Generally
speaking though, the higher the ratio of plant time comnstant to .ampling
time, the better the quality of comtrol. Now that solid-state multi-
plexers are becoming more common place in process control computers, with
sampling rates of say 3000 channels per second, then fast sampling should
provide litile difficulty,

Lastly, with thie type of control, a simplification of computer output
peripheral equipment could arise. In the zimplest case the controller
drives would only need to be output to a changa-over ewitch., Consequenily
ne preblens wyould eceer with mammal to auto~iranafer sirnce if the wrong
drive hog! been selected it would only reguire a period of one sample time

to selacl the correct drive.
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NOMENCLATURE .

is steady-state plant gaiu.
is operator d/dt, where t is time.
are plaut time constants.

X
dt

is predictor time constant.

H R v a
x

is

is set point - X,
X is the Laplace transform of X.
is the peak amplitude of X.
is the computer sample time.
is plant deadtime in seconds.
is - T/y
e

or O W\ a0 p

Subscript p refers to sampling instant
and m is the number of samples of deadtime.



Appendix.

The results from this work were obtained using a simulation program on
an Elliott 903 computer. The equations used in the computer were obtained

by taking 3z transforms of the analogue plant equations. These are listed
below:

B DS
X = {Tse1 siving
X = §%, + 1-0)eE (1)
x Ee'ns ivi
- ETEn e
le-(x+5)x‘[12p..1
+[ §171 = {27 - TI+T2:[E
o i
) . [8182(72 st SUBETY 6! '5172]3 -m-(2)
32
EQ-DS 2
- Strsmy s
X, = (1 +8)xp-3xp_1+ [T-TI(I-S)]EH
_[sT-T(l-S)JEP_I_n (3)
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SIMPLE METHOD FOR THE RAPID SELF-ADAPTATION
OF AUTOMATIC CONTROLLERS IN DRIVE
APPLICATIONS

W. Speth, Siemens AG
Erlangen, W. Germany
r

Summary

The author describes 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 characteristic 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 controlling 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 loop 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 himself to the case where, in addition 1o
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.

No use is made of test signals that might disturb normal

~—~operation. The controller is adapted to the contfolled system
by means of the input signals existing in normal operation.

2. Choosing a suitable structure

Every self-adjusting system contains an identification
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 identified, 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 correlated
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 not 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 correéting condition. This
permits renewed identification and, consequently, controller
adaptation. This is 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-100p
process is involved in l1ig. 1c. In the case of closed loop
ﬁdaptation it is not necessary to determine the sys}em para-
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meters compietely; it is sufficient to ascertain whether
they deviate from the reference values. This can be done
with a simpler identification arrangement than required for
open-loop adaptation.

In the case of arrangements with closed-loop adaptation, the
controller parameterg 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 rate
at which the controller is ad justed. 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 effect.

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

The only signals capable of being measured are those repre-
senting the correcting condition Y(t) and the controlled con-
dition XM(t), the latter consisting of the system output X(t)
and additional noise n(t). Let quantity L be an additive ran-
dom disturbance signal whose influence on the controlled con-
dition is to be reduced by the controller. The second disturb-
ance signal forms the unknown controlled system gain Kn which
has to be identified for adjusting the controller. The remain-
ing parameters of the controlled system and its structure are
known. :

The following can be read off from Fig. 2a):

th)oL:%%’- (1)
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Let it be assumed first of all that disturbances - and L
. ¥

change only slowly; by differentiation of (1) the follow-

ing then applies:

2p (1) Kp =% (1)

This formula is suitable for determining KD, provided suit-
able equivalent quantities can be found for variables 2 (t)
and #(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 Z_(t) by
filtering the correcting condition via a simplified model FM
of the part of the controlled system F (cf.. Fig. 2).- The
output variable X(t) is replaced by the noisy controlled con-
dition Xy(t). -

The measured:values Zy(t) and Xu(t) now have to be differ-
entiated. Since differentiating elements cannot be realised,
the frequency response of the differentiating filters is given
a denominator other than one, but is the same for both filters.

The signals thus processed are referred to as ZD(t) and XD(t)
and replace the non-measurable variables Z (t) and X(t)
Equation '(2) could therefore be written

(3)
20 KMEXD

However, it would not be practical to calculate Ky from
this equation by means of a fast dividing network since
ZD often disappears. A divider with memcry is therefore
used which retains the result of the preceding calculation
. a% its output when smail signals are applied tc iis input.
Division is performed by a closed conirol locp which siow-
ly adjusts the product LI, to tane value o (see Fig. 3bj.
In order to ensure that this loop always has 2 negative
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feedback, the sign of the deviation must be changed over
as a function of sign ZD' The following equation then

applies:
: 1
R
or e (4)
XD e
ZD 'Kh‘.KM 'ZDI

The factor I _ indicates the rate at which KM adjusts
1zpl

itself. At lzpl—+=0 this factor approaches ® and K‘M under-
goes no further change.

When the amplitudes of ZD are greater, the fact that the
rate at which K, adjusts itself is dependent on 1zpl 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 ZD' The adjusting time
of the loop thus becomes constant: For Fig. 3b equations(4)

are therefore replaced by

ond xp=Km2D +KMZD -
%g—:KM’kMT

For very small values of Z;, 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 practical purposes the additional hardware otherwise
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 XD and
Zp required for calculating Ky do not coincide with % and
ZP will now be considered.
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The following applies Xxp=Xysg=Xwgenwg (6)
Zp ’iM‘g :ipﬁgo&zllg

where ZMF2p+aAz

The convolution with g(t) =2'1{1’pA3p } describes the

unwanted signal deformation caused by the denominator in
the frequencj response of the non-ideal differentiators.

By substituting (6) in (4) we obtain

(541 ¥g= Ky 2pe42 1% 9+ KM srghvzg

Dividing by 2pxg and combining with (2) this yields
fj_ MUY S TTR I SN E—
Kp+ 9 KMh’ip*g )+ p¥gsign 7 (1)
; 1 2 3

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
shown that the mean value of this expression is negligibly
small in the case of a aiitable approximation (see the
example described in the following section).

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

The method of identification described is similar to that
proposed by Maréik1 and also investigated by Parksz. How-
ever, the gradient system is not employed and the quality
criterion applied results in & lesser dependence on
amplitude. ;
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Fig. 3a shows how the controller gain is adjustedlas a re- .
sult of the identification. A divider, which divides the
controller output by the identified controlled system gain
KM, 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 control 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

A=30ms

_ 1

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 machine
to 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 Kessler3 and has the frequency
response

¢ =d:pA 13

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

Po= 1
M T 7+pA

The complete control system is analogue. The multipliers



59

are very simple and operate on the principle proposed by
Widlar and Giles’.

Fig. 4a shows the oscillogram of the speed v(t) and the
identified value KM(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 KM
had the correct value KP from the outset is shown by a
dotted line.

Fig. 4b shows v(t) and KM(t) in the event of a pronounced
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.

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

Fig. 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 KM is too small. A comparison with the dotted
curve shows that the adaptive system is superior to the
fixed-parameter system here.

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 maximum possible gain is determined
by the stability limit and is reached when the input signals

. remain unchanged over a prolonged period of time. In the case
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of a fixed-parameter controller such a high gain would not be
permissible because of the tolerances. With the self-adjust-
ing controller, 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.

5. Logarithmic control

In the special 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:

Zplt)K p=x(t) &

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

x(t) (8)
ZD("

Kp=

Fig. 5a shows the identification, including compensation,
realised according to this fqrmula. Division can be
effected direct in this case (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. 5a can be separated even
further from each other if the dividers are represented

by logarithmic and exﬁonential characteristics with sub-
traction points (cf. Fig. 5b). The inner of the two loops
shown can be approximately replaced by a two-term controller
(provortional plus integral action) with a frequency response
of FC and followed by a function generator with exponential
characteristic. The approximation applies for small values

of e. The single-loop arrangement shown in Fig. 5c¢ is now
obtained. In the case of. the example of .the automat’.z speed
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control witn tne arrangement shown in Pig. 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 controlled system. In this way, the exponential
function f1 is compensated by its inverse function g4 and the
1ogari§hmic function f2 by its inverse function &5 (In this
case compensation is disturbed by the interposing part of the
system PP’ and applies strictly for low amplitudes only).

Such a logarithmic control can also be derived from 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 functions 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 principile.

The automatic control of the strip tension on a coiler is a
typical example for the application of logarithmic control.

The set-up of 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
of a deflector roll.

The signal flow diagram of the controlled system is as
shown in Fig. 2b. Here the reciprocal of the changing
coil radius corresponds to the unknown gain, for xr = 2

pl
reglecting the elastic oscillations.
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controller
Ky sldentified controlled system
gain
L- load
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X« Strip tension Ly« In x controller
zpLyrrent Ly« z controller
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0 CAMCHACTPAVBAKIXCH CUCTEMAX NSMEPEHNA
WCTVYHHHX TEMIEPATYP B ONT/MECKCM JMAHASCHE

dellelZET

AHCTUTYT MeTannyprum uM.A.A,.Bafikosa AH CLCP

lap/massnoll DpoGiemofl MIpoMEeTDNH HSIy9eRnd, pCHeine
ROTOpOl CONpPARSHO ¢ NpUHINNIIAIRHILDY TLYAHOCTAR, ABIISTCd
E3LEepeHNe N0 H3AYYCHMD TEImepaTypH TeJa, Ay erony CraTeaniasn
CiI0COCHOCTH LOPOPOr0 A3MENIETCA B OpONCCCE NILEpPCHILie

HexoTopue yemexm® B pemeHmM 9Toff CTOOB Baznoll MpodIensl
A0 CIX HOP YAAJOCH NONMTH UMb LId H3Jy3aTedd,lI0BSptiocTs
ROTOpOro oGaafiaeT Jr)JySHIM AR Se[RalBENM OTpasernei,Iol-

B o7mX cayuasx HEZOCTAAS HB)OpLAIMS O Jy4elclycHa-
TEIRHOIl CIOCOCHOCTH HOI/YAeTeH OT AONGIINTEIRHOIO IOTORA
JydncToll sHeprME CTOPOHHErO MCTOYHNEA, OTpAZaEMORl noBepxX—
HOCTBH H3Iy4Aa »2

33'4 ZJ8 NOJy9eHNd HeNOoCTaMred mi ORualv HCIOIBIy-
eTcsl HOJIpM3alWs H3JyYeHNs MeTAUMISCKOro 3e[RAId.

B S CLI0 MOKAas3aHo, YT0 B IpeliedaaX CHpaBneiIBOCTE (OD=-
Ly Lpyre, SHAYeHMS ROTUHIOH TelmcepaTyr™ MOTYT CUTh OOne-
LOJICHE OFfHIM KETOROB IMHpPOLETPIN DO OTHOCHTEJBHONY pac—
OpeLCJICHAD CHERTPATEHON MIOTHOCTR SHCPIMHE TCILIOBOTC I3[ -
YSHU A,

Oymaxo 5TOT MeTOR OpMMEHN] Juuls B OGIACTH AOCTATOYHO
HUSEIX TeLmepaTyPe

35'8 CiR DOKA38HH HEKOTOPLIE HOBHE BOSLIOTHOCTH N3LIe-
peHIA HCTHMHHHX TEumIepaTyp OpE lesMeHspeiied naJydaTeJsHol
CIIGCOCHOCTHR, OCHOBANHHe HA U3BJICUCHIM AOOOIIITEIBNHOR Mii-
JOaINN!, N3BJASRACKOR HEOOCpELCTBELNI0 A3 HOTORA IOJIIXDOL.a—
THYCCHOTO nsmennag BEa OCHGCBE Haiifiernoill Harll HEROTODO
HOpod QopLm gacnpene.nema COSKTPANBHOI NIOTHOCTH RILYYeInlI
Lmia=i .

3 9TuX padoTax NOKA32HO, YTO XOTH CHpe/.CIITH HElo=-
Cpes.CTHeINI0 OO BeJmTymHe NOTOKOB COOCTHBEHNCT0 HS3Jy49cHAS
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JHQUCHRA DCTRINOR TEeMISpaTypH B Jy4eHCOyCKaTeJbHOf CIocoG-
HOCTH HEBO3MOIZIC, DACODOCTPaHESHHOE B ONTHYSCKOHd IMpOoMeTpHH
Z acTpO_ I3MYCCKHX ZE3NEDEHHMAX NOJOXEeHMe O HEBO3MOEHOCTH pas-
SEJBHCOE OT TEMnepaTypH ONSHKE BJTHES H3JYy4aTeJbHOR cIocoC-
HOCTH Ha peSyJhTAT M3MEDERHM: IDOTOKZ COGCTBEHHOTO TEMIepa-
TYPHOT'O H3Jy4YEHMS, XapaiTepHSyemOrc pachpefieJeHmeM BaHa-
[liaxxa ORasHBaeTCd He ECerfa KOpPPEeKTHHM.

PaccroTprmM BEXOTODYD QOpMy COEXTDAJILAOrO paclpejieno-
ms W; (A, T) , xoropas mosyuaeTcs M3 pacHpereJeHms
CHCETPATEI0R MIOTHOCTE adcoapTHO depHoro tema &,(1;,7)s mpe-
Jejax CcupasefIMBOCTH NpnC/MI=eHMs Buna, eCJ M SHA4YeHMd Raxioi
{ -it cuexTpatEHOfl KOMIOHEHTH M3OTE[MH OpE TemiepaType T Bo3-
BECTZ B CTElNEHb C IOXasaTeJeM, DABHEM ee JIMHe BOJHH A

Wo (0,T) = 8504, T) = 0 Ji™ exp (- £)

3recy mocrosmmne Cp = 37413.10* 32 ™ . wadt n C =

= 14388 awm K. '

Baxmad ocodeHHOCTS moaydemHoro cmextpa Wo (4i,7)- orcys-
CTBHE CMEllCHES er'o MAKCHMyMA C TemuepaTypoil. JiwHa BOJHH,
mpr xoropoil Jymmmma W, (A;,T)  mieer maxcmMyM, paBEAa Am =
= 1,905 mxu. CuefcTBHEM STOTO SBATETCH HE3ZBACHMOCTD OTHOCH-
TeJEHCrO CHeXTpamEHOTo pacmpefieneEma Ao (Ai, Aj, T) =
= Wo (L,7)W, (A;,7) ot reumeparymu. Jnz adcomrsc  depHo-

TO TeJa i _A,-
R, (A.',Aj,r) ‘___»0’(& 4/) (—:“f‘ )5

Opz JnCMX SHAYEGHRAX ( X/
R, (Ai, 4, 7'%/57‘ =0
Ha pucyHRe nprseleH rpajix SZBHCIMOCTH
€ Ol = f ()

OueBmHO, HTO JJIf NOJYYEHAA SHAYCHRmE ?ﬂWo(J_i, T) »
3aBICIMOCTE OT SHaveHmi TermepaTypd T Kamiyp OpPAMEATY HYZHO
JUeERINTS Ha Bemrmmy C,/ T. IparTHyeckm 370 OSHAUaeT Hapali-
JeJpHuil CHBAT' KDHBOZ Ha I'pajEEe.

LS peaNEHNX TeJ DacCMOTDEHHOE BHIE pacHpejielleEme Cyner
HMETE BHJ =

W T) = ok “(4) 8 (A, T) = A4 Chi) o (4, T)
rreol= EA)Z(A) - pexovopad (yWOmM, ZApaRTCRISYENAR CICR~



70

TPAJBHOS PACHPEseNIenne RO MIMeHTa L/ ICHCIyCRaTeIIch
CIOCOCHOCT &(A) RSIydaTedn B ROS(ADTICHTA MPONyCHAHNT Tpo=-
LRy TOUROR cpeas (BRGMAS SJACMCHTH ONTITYECKOil cucTensd);
OuennyHEo0, 970 OTHOMEHME Judoft nApH ROMICHENTGB ((=i ® /-il)
pacipezeserma A(4 4, 7) sanze me Gyner sammceTs OF pecpa-

p :
¥ ot )= 254

DUIOUHEHN® DABEHCTHA A’(f; }j)= Re(Ai,d;) mpm z(di)=
=7(4j) = 1 measeTes CBOEOCpASHEM KpuTepmen “adcouavrsoi
IepHOT" maxyueHER [ «((4)=o((Aj)={] , 38 RCRIXFEHNEN Ciy-
93€3, Rorya

LE) =Y (X)) 4 mo  o(h) # (H;)

iaa spex ® Coxee Roumonexrron cnexrrpa { ¢, /, ... ),
4aCTOTH KOPODHX ) = o/,l
J;zoa.nevaopm ycaoRED 29 sZV (mpusen Beerya (#/ ), TeE

A8 1M0:0 HONYIRTS omocTetace pacupesienerme  £L(A; A;) o
BOJITYMHA KOTOPOT'0 B HpeialaX CHpaBefarBOCTH mammem
LuHa ONpereaneTes TOMBRO napareTpa o« (A )  E of rTerme-
LaTyil 0O 3aBHCHT.

Pacnperiesierma 9T# B oCLeM cxydae OyAyT QMNCHBATHCH
BUPAZCHIL M

reqyr)  ¢lAAC k)
L= T e = TFIT =)
rzcPu G -COOTBETCTBEINO KOMIYECTBEA ONEETPAMBHLX KORMICHEH-
TOB 3 WIGIITENE X SHAuMEnaTele.
LI Cero M3JyYeHRI:

/7,4 »-
[ (JC,A)- i"s c;( -

B uacTHOM CJyuse TpeX KOMICHEHT, JaCTOTH ROTODHX yXCB-
setsopapr coomHomemmd V, =V, +)s ,ANA aGCOIDMO UETHATO Te-
Jla MOEHO HAIHCaTh:

Lo :ipH ‘3"“(‘)/6} =0
<. (UEDIJOo, YTO MOZHO CO3LABATH B TPeTIN! BHJL OTHOCNTC e
WX pacnperedarti (JRODVeTBORAINX YJGIOBAD HesaslCH-
oT ‘--,.a::u(o*v;.xmuazwcmm ORQUTLIT
OLCHILIX mn?a p n ‘ ®




k!

A2) X (4s)
L Ol ds) = HCEEEE £, (U de, h)

JT0 e OTHOCHTEeNBEHOS pacUpefieleHNe AIA DealhHOTO TeJA M-
MeT BEN:
y A(A)AL(A
Lhodob)- 2290262 4, (ha0,)
AHazIOrTIHO AAE YeTWpeX KOMIOHEHTOB, Y8CTOTH KOTODHX
JACBIETBODIDT coOTHOUEHED Vg + Vp =V, + ¥,

5
AR (]"-:—ff) R e % Erid

Bumomesme yeaomma 4 (Ai, Aj,... )= 4, (A;)dj... ) mm
OJMHAROBCM WICJE COCTABJAIUMX COSKTDA B UNCJHTE]Ee B SHAMEHA-
TeJIe OTHOCHTENEHHX pacupefielenmii wmma / SABIAAETCS KpHTEpEEM
CEepOr0 XapanTepa HSIydeHAE OX (4)/az= 0. WcrRudenweM sBJs-
DTG YacTHHE CJyHaR, AL KOTOpUX Opr 8X(A)/8A #0 meeer
MECTO PaBneHCTBSO pOE3BejieRmi BHAA:

X (A) K (As) = < (As) oL (Aa)

PaccuoTpenHuil MeTOX MSBJIEYSHMA HHQODMAINE O Xapagrepe
() 13 moTora coGCTSEHEOrO RSIYYEHES SIICRTHBHO ECHOIBIY-
erca (B paie paIMarOHHHX CHCTEM), B JaCTHOCTH, B IIpOMETDE
LIS M3MEpSHZS KCTIMHOE TeMmepaTypd EsJydaTeld, Jy4eHcHyc—
KaTeJEEAs CIOCOCHOCTH HOBEPXHOCTH KOTODOrO HSMEHSeTCHd B Impo-
Tecce M3MEpEHmA.

Cozzammas 3 IVET AR CCCP cmerema JUId WSMEPEHES OO B3JAy-
YEEWD NCTUHION TennepaTypl SBAASTCH CaMOKOppeKTHpymme#csd.

Texmrdecr® cmcTera peaJM30BAHA B BHJE IXpoMETpa, CHAl-
ZEHHOTO YCTDOICTBOM, BHpaAOaTHBAMIM CETHAN, OOpejeJdeMuft
Besrmioll otHomenns tmiaf; mm 4; . B 3aBMCHMOCTE OF BEJN-
UNHE STCTO CHTHANA, NOJYIAEMOT'0 OLHOBDENMEHHO ¢ CHTHAIOM
TEeMIepaTy i, Onperesdenofl IO OTHOCHTEIEHOMY DPACIDEASJCHND
CHERTDAILHOR MIOTHOCTE SHEPIEM HSIYYCHES, B NOKASEHEH IE-
poueTpa aBTOMATHYECEM BBOJETCS BeJIriMHa mompaskE 4 7; .

CooTBeTcTBEE 9TOL HmocierHef CHUTHAJAM, ONDEJICASCMHM
suavernamm Jymawd A(k, 4j) mm L(A:,... Aj) nocrmraerca
¢ DOMCIED IDESABapZTeNBHCTO OCydYSHES CHCTEMH,.

[parTryecrx:, recC OCyYEHMSA CBOMMTCA K HEKOTODHM
BECICIIN ONSPAIAIM IDPSIBEDATE IHOL I'DalynpoBKH. OGHIHO,
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MOCIeJHDD JOCTATOYHO OCYLECTBATH [JMIb LIS HECKOIBKMX 3EC-
TpeMANEHHX SHaueHmit fymxmm &€ (A) .

Tax, Haopmmep, AIS 8BTOMATAYECKOrO ROHTPOJI HMCTINIHOM
TEMIEpaTypH XMAXOl cTam ¢ m3MeHamueiica B Iponecce Eamepe-—
HEA Jy9eHCIyCRATENBHOR CIOCOCHOCTHD BCJASICTBHEE IOABJIRHAA
A NCYe3HOBEHMA ILIGHKM OKMCJIOB B OCSCHeYCHHEM CyLl:apHOi
norpenmoc'rxx mamepenuit He Xy=Ee + I% XOCTATOUHO OCYLECTEETS
OpolecC OCY9EHAA — I'paiyRpPOBKE OO 3-M SHAYEHAIM, MHTEpEC:im
¥ BECEMA YIOCHHM IIA HPaKTHERE OKa3al0Ch, YTO ONEH X TOT =€
IEES OCyYeHmA YAOBJIETBODAET CAMiM DAsHOOCPASHHM HO XIRiec—
KOMY COCTABY OKHCHHM ILICHKAM.

OT0 ABJEHEE XOpOmWO OCBACHAETCA PEe3yAbTATaME HCCJISHCBa-
HRA H3Jy4aTeJBHOR COOCOCHOCTHE OKHCJOB B BRJUMOR M CJMSKOL
ME)paKpacHoll 0GJacTaX CHeKTpa, NpMBeNcHHEMA, HaOpmiep, B “L.
A DOSCHEHMS CKa38HHOI'O PACCHMOTDHM CBA3E MEEALY -remne—
paTypHoft mONpAERof B SHAYERmSX odpaTHoR remmeparym 47 ¢
B gymmumet pacmpenenemms A (Ai, A;) . OGosmawm: wepes
&u (4i) , &, (A;) - CUEETpAIEENE M3IyUATENEHNE CHOCCCHOCTH
qncToll MeTAaMMIeCRoll NOBEPXHOCTH, IS 3EQUYeHNR ) SKTHBHIX
som Bomm A; m A; ; wepes &, (Ai) w &€a(A;) oCosnamm
COOTBETCTBYKIME 3HAYEHHS CHEKTpaJbHOH M3Jy4YaTeJBHOX CIOCOC—
HOCTE ORMCHOH ILIeHRH. :

3a CueT ABIEHAR [ECIEPCHN, LIS MeTALIoB &m (4i)>&,(4;)
ecm Ai <A; .

H3BecTHO TaKEe, YTO BCJACACTBEE JECIEDCAM, B TOM WHCIe
B anouansHOR €., (A)< &4 (Aj) o

OGosuawm depes M - 4acTh IOBCPXHOCTE METALIA CBOCOM~
HOPO OT IVIGHKE, a 4epe3 A - 4acTH, NORDHTYD ILICHKOR
oxncaa. LA "HopmrpoBauHOR" mopepxuocta M+N = I.

Ilpn wBMEpEeHNR TeMIepaTypH IO OTHONEHMD JBYX JyIMCTOC—
Teit co 3naUeHMM HHOEKTWBHHX LJIMH BOJH 1\,-1 J j » BEJIULIY
OOIPABKE Ha HENOJROTY M3Jy4YeHms B OCpDaTHHX 3HAYSHMAX Teir
OepaTypH MOXHO 3anMcaTh Rai:
LeTon Cy!apHOfl IOTpEerlioCThD 376eCH OOHMMASTC CylLMa HOrpel-
HOCTSH HRCTPYMEHTAIRHOL A METOM -33:\0._ tea CUET HEmoIIOTH
I3IYYEHN) o




73

> r-/ Y| & Ene (Jl’)f”[é.ﬂ(ll) fn(‘d)]
1 f Em (J/)*A/[é',(,‘,) Em (47)7
e A= ]'—&- SHEUCHNE SEBEBARICHTHOR JJBHH BOJHH.
Jdrg wmcrail MeTRIMISCEOl DOBEQXHOCTR:
- _ _4_ Em (4‘42
V=8O, ,
(bmercrsemo s MOBE[XHOCTE HOJHOCTHD OKECICHEOR
Al Lo, RGO HSJIYYEHNE ILISEEE cepoe, JUIA ciydas, KOTAR
98CTH, HampuMep, NONCBNHA NOBE[XHOCTE SE[KANA METALIA 38~
EpuTa ormcHOZ nuenrolk (M=« = 0,5).

- »r Jt’)*é.ﬂ("i)
r I‘ __4 Enmr (.
a’ & Em (Ai)+ En (A7)

Saauemws gymxm Z (4¢, 4;) , coomsercrsynme M sna-
mmdym:

& (he) g L=l
W - A

5 o o LoxOi)eeatl )J“ b
] [en (4)*-6,(1/)] , @%e K'=corsl

BepodaTHOCTS ROSBJICHMS MHOTOSEAQUHOCTH, 383 CUeT HeImHeii-
Haro xapaxrepa sasmcmoct® Gymxmm 2 ( A:, A;} or maiyua- -
TEIRHHX CIIOCOCHOCTEHR, B JIAHHOM CIYY&e ECEINNAeTCHS ABTOMATH-
Yecky Giarofiapd yHOMAHYTOMY Bille SBICHND JMCISPCEH, Xapak—
~ Tepusyemony yCHBaNIEM XapaRTepoM QyHEIHE &(A) B BEMOR X
CRASRO EE)paxpacHOd OGIACTE CISRTPA JI4 BOEX MCTALIB,.

C HECKONEEO HHLM AATODIMTMOM OCydYeHNd JAHHAS CrcTe:a
OO3BOAHST M3MEDATSH SHAYEHWS ECTUHHOL TEMUISpATyIH ICBEpXHOO-
TH ¢ HEMSMCHHOA HSAYIATEJEHOE CHOCOCHOCTEN, HO R C OCpeMEH=
HEM KOS(OICICHTOM IDOINYCRACMOCTH MPOMEEYTOUHOL Cpeil. IpE-
Mepary TAzoll 3aK3YM B METAILYDIHM ABAASTCH 3amiieHne napa-
MR MeTalnla, OpE IIABKe B BaKyyMe CLOTPOROrC OXEA, 2 IpH
8CTPOCH3AYSCENX KIMCPEHRSX, BANpImIep, TeuIepatTypd CoJHng -
NOSBJICHAY JHMEN OT OCIAROB ¥ JDe

He meuee IATSpeCHNS DesyIbTaTH IONYIADTCH ILE OCYUeCT=
BIEHNE CANOUOPPEXTITYINEICS CRCTEMH HA OCHOBE PACHpeiedsHid
emezrpamnol guomiocre Tma L (i, ... 4;). '




74

BoepieHpe H3CHTOYHOCTR 33 CYeT MCIOIB3CBANEA Golee
JBYX CHEKTPAIBHNX COCTABJAIIEX NO3BOLET CYLSCTBEHHO IOCHe
CHTH JCTOLMBOCTS ¥ TOYHOCTSH MSMEDEHII NpH HALTYAR DASITHGe
HHX HeperyIdpHHX BO3feliCTHHile

Cozjcmme cauoodygaapxes MYpOMeTDRYSCENX CECTEM H3
ocioBe pacupeelesmi A 2 L Qo3BoIIeT JCOEmHO DENNTEH He-
KOTO[HE BOODPOCH C JEATHOCYMKOH [MLIAsMH, JeleKTocncmmeil mo-
BEPXHOCTE 7 JDe

[prmmalshasg CXeua ZBTOLATIMECKOro IpaueTpa ¢ ca~
MOKOPPERTPADOBICC R300PAzeHa HA PHCe la

3uecs § - NOBENXHOCTS E3AyUaTe]s ¢ NAMEHAIelcs Jy-
YeHCI[yCKATEIRHOH CIOCOCHOCTED.

0 = RCHIEHTpUDYICAS B BRSITHAS OXTUYECKAsd CHCTEMA

mIpoLeTha

- noHOXporATASNpyIee yOTpoiicTso .

Q = OpICNHIKRA W3Jy4YeHRd

¥ = yommTesnioe yCTpOilcTBO

II - nperBapaTeimnG Ipeolpas3csaTeds

BuKe - Guox moppesumm

Jd - JoroueTipymice yeTpoicTso

P - nouepHTeISHO-PErMCTIPYIME RUXOMICE MTOCP.

Padoraer cucTena caepympm oCpascM: X3 DOTOKA H3Iyde-~
Hng oT S ¢ mouousd - 0 Ha MOBOXpOMaTHSHpYHREeM ycerpoficrse M
KOHTIGHTPEPYETCH HOTOX NOCIEeNyeMOro HaaydeHms. IpneyHur mm
“npreMEMER "@" HpeolpasyRr CHEKTPANEHNE JyIMCTOBTH HA BHXO-
e MCHOXpCLATESKPYIUEre yeTpoicTsa Il B asexTpmYeckme CHIHA-
JH, yeumiBaerie ¥ B mpeodpasyermie B Tpedyeryn ROy © mo-
MoLpR IHpeoGpascBaTels I.

C BHXCZA nociefHerc HpecCDp230BaHHHE CHTHAJH ICCT7IADT
Ha JorcueTprpymuee yeepoicTso I m BHa Gmox ropperrzy B.K.,
KOTOpHil B 3aBACHMOCTE OT OpEJBApUTEIBHOrO OCYyYeHNA Ipaly-—
NpoBKM - “BHZ2EeT" TpeCyemOe 3HAYEHNE CHATHAIA ROPPEKIMH.
Hocyepmii MOEST NOTABATECA JuG0 HEIOCDELCTHBEHHO HA M2NMEDH=-
TeJBHO~PETNCTPUDY K prdop P, JmG0 OpemsaprTelsHO HA
OIZH W3 [acKaFOB JOrcMeTpmpymiei cucreMd, Ha ocuose a7od
CXEMH CHVM COSZJIAHH pas/IrdHie BapEanTU CaMOHACTPamBamIEXca

MIDOMETDIISCIUIX CHCTEM,
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Ll RLTOCTpSIM®, H2 pAC. 2 OPEBENeHH CpABHNTEJRHHE
IaENue HOoXA3anwil pas/MYEHX ONpOMEeTDIYSCKNX CECTEM Ha ILIAB~
EaX cTalX B MHAYEIMOHHOH IE€4YM, CHAGZEEHOH COCIMAJRHHM JCT-
poiicTBOM, HOIBOLSIAM COSZABATH HA HOBEIXHOCTH METALIR
IISEKY HEOGXOmiOT0 XMMNIESCKOr0 COCTAEBa HIN EMETH YHCTOe
MeTaIMIeCROe 3epKAN0 B aTMOC)Epe aprOHA.

~B Hporecce HISBKM MIEHEA MOTJa "[BaThCI" YACTHUHO
HYSMR IMDCMETDOB A[KCCTHOT'O, CYMMaDHOI'O W3JYYCHHS N 1nN@T70-
Boro. [IrpoueTprdecKas CHCTEMa MCTHHHOZ remmeparyps IBi-I,
cospamnad B MET AH CCCP Bo Beex caydasx, IO CPABHEHHD ©
repmonapoft, Be EuxommA sa kmcc I, m.e. 5, =2 I5

Ipr 7eX Be YCICREAX NOKASEHNS NBETOBOrO ONDOMETDE ES-
memamics 52 O Tms = 50 - 60°, apxocracro ma & Tapk =
= I00 - I30° # mipauerpa cymuapHOro EsAyiemws Ha IS0-300°.

Caexyer omMeT™HTSH, YTO YCIOEHMS ILISEER B SKCHCDMMEH-
TAJIBRHOE YCTAHOBES ¢ TOYKE SPEHES SKCIIyaTaIME CHCTSMH
INT-I Guum GoZee CJIORHHMM, 4YeM HA HOJYNPOMHIIEHHOR CTale=—
ILIABEIGHO] NeWM. 37ech OpH JMTENBHON SECAJUyaTaIlME HA pas-
IV NI I0T CTLTM RIOTONCoTS @mmmm : 0%, v.0¢
3 JOIOIEIR OTIUTLY STROR, IOl PR NpauweBGHRR, SICHYae
SR cudvorn ST 00T ICUC BucoTmS,

GILIATTA

I+ WeGe Pastie = J.Opt.308. Ti1, 4, 872,

G dmiie GUET, AcTe CiZe - IEZST ey 20 weadus 1057 p,

Us CeTunswaldt, Ue Shley o Zelnatrum ,i051:50gde7,:005

‘e Weiapporhel? Arch. Liseunuttenwes ,1305,06,1Ul.

Se seie S22 “MoranypTRs OGO 2a W0 4027, 23RO
EpToiTInrTeIAaty 250 De

Co Laie GoOT ®0neiiTale MODOEN BUOIRCTELION 2T B0
EIoOU0TITE A NETDOTADNOR QUAUTHO mupNaime®,

o~
o A .?.



76

Te Fniie CDOP, ABTy CUEBO 5 JULTLS, mmivrudh o 1S,
I namacmg 1957 P, :
Ge iwile Gy AuTe GuNZ-BY 5 I0S567, owewems 3 I,
9 Qappazs 1US6 Pe
Fe fede CE0F, Jfodade & I70, B 4, orpe 835, [966 2y
104 Jwie TnOR Temwoiwmuuna B Oy 157 De
1L, ledle Cwws "TSIRIGPATIIVE ROAVISHIS NETRLMD 5 LO-
ROTCLUE Benoe®, 1964 ry *Hewmsgyrowesne®,
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ADAPTABLE REGULATION SYSTEM OF
TEMPERATURE AND HUMIDITY IN AIR-CONDITIONED
OBJECTS *

Dr 2Zdzistaw Barski
Institute of Thermel Technique
16d%4, Poland

1. Introduction

Theoreticai and experimental investigations of air-con-
ditioned object dynamic propertieaa' 3, 7, carried out by the
author, revealed the influence of external disturbances /8.8
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
adaptéble regulation sysfema 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 systeﬁs of processes of air-heat-
ing, ventilation and air-conditioning of railroad cars3, sea
ships® and public utility buildings. Simultaneously some new
eutomation systems were developed, e.g. adaptable controllers
of temperature and humidity’’ ©. One of them is described and

analyzed in the article with special reéard to the properties
and conditions of adaptation to disturbances of temperature or

humidity controller.

" Materigls 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 outside temperature on dynamic properties

of air-conditioned objects

To, T and To/T dependences on the outside temperature
were experimentally determined for a connected in series syn-
thetic fibre packing-sorting room with an air-condition cham-
berz. 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 /0%/ dependence is similar in
all cases, but this function real course should be determined
for every group of objects by separate investigations. It,
therefore, should be accepted that the considerations on adapt-
able systems, comprised in the report, concern the group of
air-conditioned objects displaying To/T = F /9}/ dependence
approximate to the one shown in fig. 1. This dependence has
been determined for the temperature rangeAAﬂ' = =1.,6 2 17.5°C,
being approximate to most frequent year average range
/+2 + +18°C/. It results from fig. 1 that the ratio To/T chan-
ges within the range from 0.24 at the temperature +2°c to 0.11
at the temperature +18°C. This statement was the basis to pose
the thesis about the purposefulness of using adaptable regula-
tion systems to air-conditioned objects with varying dynamic
parameters. The above thesis was justified in one of the

papers7

by means of analysing the course of factor regulation.
It has been shown that in the case of correct ;daptation 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 classical structure controller and un-

changeable adjustment are applied, the regulation factor reaches

the maximal value >

> 2. Then, if there is a change of the given-
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value of the reguired controller, fluctuations would occur .
which may cause a reverse switch on and off of heating and
cooling installations, being an undesirable phenomenon. While
considering the purposefulness of adaptable system applica-
tion, economical and technical premises had been taken into
account. It was also considered that the regulation equipment
for air-conditioned plant automation should be not too com-
plex and expensiye, i.e. controllers - destined for such ob-
ject automation ought to be cheap and satisfy the conditions
of adaptabilitye.

3. Adaptable temperature or humiduty regulation gystem

3.1. Begulstion_ system_block-disgrem

An exemplary block-diagram of a temperature regulation
gystem in a multicompartment railroad car is given in fig. 2.
An on-off temperature controller /R/ is installed in each com-
partment. Most frequently it consists of contact thermometers
switched to temperatures 19, 21, 23°0, and equipped with an
output relay with switch contacts. Oontact thermometers /R/
carry out the on-off control of air-intake throttle with a
rotary electromagnetic drive /Z/, and regulate the supply of
warn air to the compartments. They simultaneously act upon the
adaptable controller /S/ supming aystem_uhich controls the ef-
fectiveness of the central heating chamber /K/ by means of the
executive element /W/. The latter may be either a steam-hcater
electromagnetic valve or a contactor for high voltage electric
heater. The controller /S/ considers the c hanges of heat de-
mand signalized by contact thermometers /R/, as well as extern-
al condition changes, e.g. outaide temperature and wind velo-

city.
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The regulation system circuit-diagrem is shown in fig. 3.
The gystem comprises contact thermometers or hygrometers /11/
and an adaptable controller. The controller consists of two
basic parts: a bimstallic summing relay and a manometric
thermometer sensor connected by a mounting plate. The relay
contains a working bimetal /13/ with a heating resistor /14/
igsolated from bimetal by micanite plates. An anvil is fasten-
ed on the end of the working bimetal, pressing thé microswitch
/6/ at bimetal swings. The microswitch /6/ is fixed on the end
of the compensation bimetal /5/, which makes the comtroller
operation independent of the ambient tempe rature. The bimeteal
/5/ can fluctuate in a bearing and it is fixed to a lever wifh .
a tension spring on its end. This spring tension can be chang-
ed by means of 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 socket 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 channel within the housing /2§
equipped with adjustable gaps and variable diaghraghms. The
latter enable the change of external condition influence /wind

velocity and outsids tamparaturé/ upon the controller operation:
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The controller eiectric circuit can be supplied from a
direct 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 é switched on heating resistor /14/ and an auxi-
liary resistor /$/. 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 of resistors /12/
switched on.by contacts of compartment thermometer contact re-
lays /11/. The summarized value of the circuit current is ap-
prozimately 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 /414/ 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 the controller relay cdntactg /8/ are
opened. This causes a rush change of the value of the current
passing through resistor /14/, the value of which depends on
the resistance value of resistor /9/.

After a certain time, dependin; 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 propertieg.
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4, Analvysis of an adaptable regulation systex of teumperature

or humidity

ly_adapted

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/, compensatian“circuit amplification
factor being the function of object temperaturs and humidity.
Figure 4 presents this system block-diagram. As seen, external
disturbances Z act on both: regulation object /1/ and, by means
of the compensation element /5/, on the initial compensation
signal level /W/. The objsect output signals Tys Fpees Tp act
by means of contact thermometers or hygrometers /2/ and the
summing node /3/ on the amplificatio>n factor Ky of the feed-
back inertial element /4/. The relay /5/ is the disturbance com-
pensation element embraced by the inertial feedback /4/. 1Its
approximate transmittance for mean values can be expressed Dby

the following

T/s/ Ts + 1

o = //
w/s/ Kw

The amplification factor K, being nonlinearily dependent
on error signals for separate inpuss of the object /y1, 72"'7n/

can be writtsn as follows

-

n A £
K, = K, + K 122:” sign /y;, = ¥/ /2/
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Beside the above discussed viewpoint the system may be.
congsidered from a different one. The adaptation circuit of
the amplification factor Kw of disturbance compensation cir-
cuit can be treated as a particular nonlinear feedback. This
permits to consider the system in guestion as an output signal
regulation system, the properties of its controller getting
adapted to external disturbances and varying dynamic object
properties.

This apprqach will be applied to further considerations.
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.

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
;%L:—T transmittance, an adjuster of.pfeliminary microswitch
position to the working bimetal /Xo/, and a resistor to adjust
the initial value of the current passing through the bimetal
heater /Jo/.

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 off/, can be preliminary adjusted by choosing appro-
priate values X and Igp. While choosing the period of oscil-
lation admissible temporary deviations of the parameter regul-
ated from the mean valus, and an admissible frequency of
switching the switch equipment are taken into account. Com-
prise solution being 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
of the controller microswitch being on and off /Tz and T_/.
External disturbances /outside temperature ffz/ and internal
gsignals deriving from contact thermometers and hygrometers /1/
influence T, and T, time values. External disturbances, repre-
sented by the manometric sensor temperature 12 cz? influence the -
position of compensation bimetal with a microswitch by means of
the proportional element /7/ 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 uyon'the
current summing system /2/. In consequence thermal energy re-

leased in working bimetal heater, cause corresponding changes
Ew

Ts + 1 °

This results in a dependence of the mean output signal

of amplification factor Kw of internal feedback

from Y controller on signals originating from contact thermo-

meters or hygrometers /1/.

Let us assume that the controller operates in conjunction

with only one contact thermometer or hygrometer. This makes pos-
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gible to analyze the influence of external disturbances on
the controller amplification factor. A simultaneous analysis
of the number of cooperating contact thermometers or hygro-
meters is not needed.

The main output signal from Y controller can be express-

ed by the following

Y= —— /3/

Oon the other hand, Y signal can be dependent on U error

signal according to the following formula:
‘Y--KPU
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 e
These values will be denoted by letters with asterisks /Kp*,

o*, /.

Therefore, expressions for Kp‘, ® and o™ will be the fol-

lowing
T A ¢. =9
Z— 100%, U* = ——=2100% or U* = < 100%
R 4 U

In the case the controller operates in conjunction with
one contact thermometer or hygrometer with the zone of intens-
ttivity h[ %] or n[% w.w] , U can be also expressed as

v* = B 400% or U* = -2- 100%.

Mg :
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Therefore, Kp will be the following:

o Tz Tz ; T2
e /Tz + Tw/ U~ 4 /'1‘:5-;'1‘1!/!11:0r 2

¥ /T2 + Tw/ by

where: U [°<ﬂ - contact thermometer ambient tex:éperature
0’0{ °c} - temperature set on contact thermometer
h [°O] - zone of insensibility of a contact thermo-
meter
0 ‘90, hy [% w.w.] - denote the same values related to
a contact hygrométer
In order to use the value h of the zone of insensibility
to determine the relai:ive error U‘, an immediate reaction of
contact thermometer to the changes of ambient temperature
should be assumed, which is a certain idealization of real pro-
cesses. The times of Tz and Tw depend on the outside tempera-
ture represented by manometric sensor themperature ch' This
involves the amplification Kp’ to be the outside temperature

too
i Tz / ‘?'cz/
[z / Uy + /O /I0"

Kp /4/
On the basis 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

k1 2R
c Z ¢
TZ = —Q- in g,
2
Y KIZ R, N Y ™ Tl a




K12 Ry

= 3—;— 1n /5/

q

3k12 B, /L, - 4 /2 - anqs/y, - SRR AV,
krnf + ksng
Qc kIwng

T =~ 1n

w qS

31“'2.33; /Ly - b,/ 12 - 4 nes/yy, - A+

AW oz / /6/.

kyRR,
+
52

2
k Ry + kgRy

The controller amplification factor may be dspendent upon
its constructional parameters and outside temperature, accord-
ing to formulae /5/ and /6/ derived for Tz and Tw. After for-
mulae for Tz and Tw are substituted to the formula for Kp= am-

plification factor and some transformations made, one obtains

2
. 3KIZR,
n

3k1§ng /oty = o/ L2 - 4hqS/y,, - kt AD o5/
kr + ks
Kp* =
o 2
3KIZR,
i [ 1n
kt A0 +

2 s - fl
SKIZRy /4y = &/ 1 4hqS/y,, g
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17/
kxsns

+ 1ln

2 “z
kIR, /£, = £ /1% - #has/yy, -4y + e

ky |
where: | [mm] - bimetal length

h (mm] - bimetal thickness

I,[A] - controller switch on current

I,[A] - controller switch off current

k [G/mm] - resilient spiral flexivity

ka[G/mm]- tension spring stiftness

kt [G/oc]- manometric sensor temperature coefficient

Reg [ £.] - working bimetal heater resistance

q[kcal/m2h°0] - bimetal-air heat conduction oéef—
ficient

S[m®] - heat intercept area

ymz[mm] - bimetal flexivity needed to switch on a
microswitch

ym‘[mm] - bimetal flexivity needed to switch off a
microswitch

Ay[mm] - microswitch mechanical hysteresis

A&["O] - rise of manometric sensor ambient tempe-
rature

o,y a(2 - bimetal linear expansion coefficients

- - - - — - - - ——————— - - -

According to fig. 1, for the range of most frequent year
average temperatures /+2 + 18°C/, the ratio To/T changes with-
in the limits from 0.24 at the temperature +2°C to 0.11 at .the
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temperature + 18°C. The then required range of changes Kp, .
which corresponds to optimal adjustment of P controller with
aperiodic course, with minimum tpe is

K

Eo1s - K 63% /8/

K1e

Therefore, the range of admissible controller comstruc-

%z

tionel parameter changes should be determined so as to snsure
the gain of Kp variation resulting from adaptation conditions.
The following denotation are used in formula /7/

KI2R, = B .
MITR, /Ly = L4/ 1% - ahes/yy, - A3/ =0 /9/
3KIgR, Alp = L4/ 12 - 4hesy,, = D

4hgS

=B
kp ¢+ kg

4, B, C, D, E denotations are parametric indicators, con=-
stant for the given controller type and the determined operat-
ing point.

After A, B, O, D, E denotation are substituted to formula
/7/, the K; expression is the following

‘ l‘ﬁ‘-EAF%
B

Kp™ =
A
+ 1ln

D - B A%, 0+ E AU,

U ln
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or after some transformations

ln 4 -1 /D - EAY /
Kp” = /10/
t*[lna-1a/p-240,/+108-1 /ceE &Y /]

If denoting constant coefficients at Kp‘ re spectively
ln A = Sy
l1n 4 + 1n'B = ¢, with ¢, > o, /11/
C=D= 03
and introducing to formula /10/ the denotation
E A&cz =X

one obtains :
¢, - 1n /e, - x/
Kp* = - z /12/
U’[qa - 1ln /o::3 -x/ - 111/::3 + x/_]

with c2> 4

Assuming the controller operating in conjunction with only
one contact thermometer or hygroheter, the c;ontroller is sup-
posed to react to the constant value of U* error which equals
the contact thermometer or hygrometer zone of intensitivity
divided by velues of temperature ﬁ'o or humid ity "P.o set on a
contact thcrmometer or hygrometers

The above said being taken into account we are actually
interested in the variability of the whole product Kpi U’, as -
a component uniformely detem ining sz vari ability in the

function of temperature AT .
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2 o, = 1ln /c3 -x/ 3
Kp* U* = /13/
c, - 1n /o3 -x/ -1ln /c3 - x/

The value of U™ should be adjusted to the needs of re-
gulation circuits by the choice of contact the rmometers and
hygrometers with appropriate zones of intensitivity.

The course of the component Kp'U' in tempe rature func-
tion is shown in fig. 6, S4s Co» 03 parameter values being as-
sumed. '

On the basis of the above given dependences it can be
shown that conditions of the discussed controller, adaptabil-_
ity for a group of objects with dynamic parameters To and T
varying in the function of outside temperature, in the range
given in figure 1, are the following

¢, = 1a KIZR, = 0,9
o, = 1n kIR, + 1n kI R, = 2,4
oy = 3KIZR, [, = oL/ 1% - 4hS /7p, - AY/ = 2 /5]

where: E = 0.05 X = 0.1 é 0.9 correspond to the outside tem-
perature changes within the range Afr, = +2 » 18%.
The above given general dependences provide only one of

the variants adéptation conditions. Therefore, they are tre ab -
ed as an example indicating-adaptation properties of the dis-

cugsed controller.

- " - - - - - - - " - - - - - ————— - - ———— -

Considerations given in point 4.3 are valid in the case

of a controller operating in conjunction with several contact
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thermometers or hygrometers. In addition it should be taken in-

. to account that currents Iz and I' are functions of the numbsr

of contact thermometers, which transmitted signals about the
excess of the temperature being set. In order to formulate
these dependences an electric scheme of summing circuits was
analyzed.

It has been shown that the dependences of Iz and I' cur-
rents on the number of switched on contact thermometers are
nonlinear and the proportion coefficient of Y controllsr
output signal and v* error, i.e. Kp’ controller amplification
factor changes in the function of the number of switched on
contact thermometers.

In this case, the change of Kp' amplification factor oc- .

-curs due to the chéngas of the feedback element amplification

factor Kw. The above chahges result from the changes of energy
released in the controller heater.

In consequence there appears a progressive controller oper-
ation in the function of error, caused by Kpi controller am-
plification factor being dependent on Uu* error value.

Because of a lack of place and the easential aim of the
paper, i.e. the analysis aim of the paper, i.e. the analysis
of adaptation of external disturbance controller adjustment,
the controller progressive operation in the function of v*

error value will be not analyzed more exactlye.

5. Results of investigations on regulation systems with the
application of an adaptable controller

The discussed regulation systems have »een up till now

used and investigated in air-heating of railroad cars produced
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in the B. Cegielski plant in Poznad and in ventilation and
air-conditioning installations of seaships built in Szczecin
and Gdarisk shipyards. The investigations revealed that adapt-
able controllers permit temperature stabilization with the
accuracy up to about 1°0 and relative humidity with the ac-
curacy to about 5% independent of external and inte rnal dis-
turbances. The results obtained authorize to an extended use
of adaptable controllers of temperature and humidity to auto-
matic regulation systems of: heating, ventilation, air-condi-
tioning of railroad cars, sea ships, public utility buildings,
housing, and so on. This was reached due to the use of relia-.
ble dejices; the functions of which were rather complex but

the construction - simple.

6. Conclusions

On thé 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 factor xp‘ on
the outside temperature by formula /7/ is chaiacter-
istic of an adaptable temperature or humidity control-
ler.

2. The following conditions being satisfied:
2 ¥
ln I:Iz}ag = 0.9
1n kI28_ + 1n k%R, = 2.4
z2°g g
3KIZR /ot 5 - o4, /1% - #hgS /[y, - Ay/ =2
2 mz

the adaptable temperature or humid ity controller en-

sures the adjustment of the amplifier factor Kp* to
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dynamic properties To, T and To/T for the group of
objects with 0.1<To/T<0.25 in the function of most
frequent outside temperature changes, within %the
limits +2 + +18°C.

3. If the adaptable coniroller operates in conjunction
with several contact thermometers or hygrometers,
there exists a nonlinear, progressive influence of
contact thermometers or hygrometers switched on in
turn to Tz and Tw by means of Iz and Iw current
changes. This leads to the changes of Kp‘ ampiifica~-
tion factor in the function of U™ error value, and
avoids overregulation in regulation systems with aver-
aging measurement pulses.

4, Acoording to investigations it has been found that
adaptable controllers permit to stabilize the tempe-
rature with the accuracy to about 1°¢c and relative
humidity 'tth.tho accuracy of about 5% independent of
external and internal disturbances. This is reached
due to the use of reliable devices the functions of

which are rather complex but the simple conatruction.
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Fig. 1. OCharacteristics T = £ /\9‘2/, To = £ /@'z/,.To/T =
= /\3’2/ in the range of temperatures +2 s+ +18°C.
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Block diagram of temperature regulation system in a
multicarriage railroad car: R - contact thermometer
with a relay, Z - air intake throttle électromagnet-
ic drive, S - adap;able temperéture controller with
a bimetallic summing relay, W - executive element of
the central heater, K - heating chamber, N - circul-

ating air cap drive.



Fig. }o

Circuit diagram of adaptable temperature controller:

1 - manometric thermometer sensor, 2 - sensor coat- :
ing, 3 - resilient spiral, 4 - tension spring hand
wheel, 5 - compensation bimetal, 6 - microswitch,

7 - barretter, 8 - controller relay contacts, 9 - auxi-
liary resistor, 10 - regulation reSistor,.11 - con-
tact thermometer relay, 12 - additional resistor,

13 - working bimetal, 14 - heating resistor.
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Figz. 4,
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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
element, 5 - element of external disturbance compensa-

tion influence, 6 = controller microswitch.
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Block diagram o; regulation system, controller pro-
perties being adapted to external disturbances:

1 - contaet thermometer or hygrometer, 2 - resisteance,
current summing system, 3 - summation node, 4 - iner-
tial feedback element, 5 - feedback element varying
amplification factor, 6 - controller microswitch,

7 = element of adaptable controller settings depend-

ent on external disturbances,
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Fig. 6. OCharacteristics of Kp" ™at /0’2/ two-position
adaptable temperature and humidity comtroller for
temperature range +2 ¢ 18%.
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HOBbE AHAJIUTUBHE MOJENY IUA LENEW YIPABJIEHAA

T'YTEHMAXEP Ji.d.-

MHOr#e 3azauM ynpaBlCHAS CJAOKHHMH OGHEKTaMH CBOAATCS K He-
JHHE/HUM SKCTpEeMalAbHtM 3a7a4aM C OTDaHHYEHHAMH B BHZE HEPABEHCTE
¥ paBeHCTB. HapsAzy ¢ ucnmoap3oBaHMeM UMPPOBHX BAEKTPOHHWX MAlMH
LIS DemeHds ITHX 3azay B NOCJELHWE TOAH BO3HHKJIO cfpeu.uemxe
NOCTPOATH ¥ NPUMEHATH AJNA BTON LEeNH aHAJOTOBHE MOZECIAH [I + c’}]

/I3BecTHHE CHOOCOOW 3JEKTPOHHOI'O MOZEIWPOBAHMS HA OCHOBE
4HAJOTMM Da3JMYEEX OGBLEKTOB MPM PENEHMM HEKOTODHX 3a7ad MaTeMa-
THYECKOI'0 MpOrPaMMIPOBAHUS # CHUCTEM HeJHHe#BHX ypaBHEHH# OCHO=-
BaHW Ha CBoficTBaX nemeff, cocTOAMUX U3 GOJABMOT'O YHUCIA HUCTOUHUKOB
NCCTOSHHOI'O BO BDEMEHH HANDAKEHHAs, TOKA, AHOZOB H TpaHCHOpMATO-
POB MOCTOSHEOIO TOKa [I a 7] .

Kax u3BEeCTHO MOXHO COCTABHTH M3 JABYXMOJDCHUKOB SJCKTpHYE-
CKYD MOZEJb CJAOXHHX CeTell HIM CETOK TOMOJOTHYECKH CXOZCTBEHHYD
N0 CTPYKType 3aZaHHWM OOBEKTaM EB, 9] . B paccMaTpuBaemMux Moze~
JAX B OCHOBHOM MCHOJAB3YDTCS aKTUBHHE ABYXNOJIDCHAKA C OTZAEJbHHMH
PHYTPEHHUMH WCTOYHUKAMH 3AC, a HEPABEHCTBO 3AC OMpezensercs
aBTOMATHYECKH C MOMOMBD ZMOAHHX HIAX TPAH3HCTODHWX KJApoueft. dcnoap-
30BaHUE AUOZOB AJS YCTAHOBIASHUS HESPABEHCTB H3BECTHO JABHO M
nmpUMEHSeTCA AJAS W3MEpUTEeAbHWX neae [8,. I0, II] ,LJSl MOCTPOEHUSA
HeJduHeHuX npeodpasoBarelef [9, IZ] ¥ Kapyeit JOTMYECKOro THMa,

a B mocaenHee ‘BpeMs W Adf PelleHdAs HEKOTOPWX 3azad MaTeMaTHyYe~
CKOI'0 nporpamn'ponanﬂl_l - 6]. -

OCHOBHHM HEZOCTATKOM BCEX 3TEX WIBECTHHX CTATHYECKHX

CMOCOGOB MOZEAWDPOBAHHSA OCBEKTOR ABAAETCSH HEOOXOAWMOCTH B OUEHB

CONBINOM YHCJAE HCTOYHHKOB NOCTOSHHOI'O HAaNDAXEHHS C MaJuM



104

BHYTDEHAAM CONDOTWBIGHWEM. BCe BTH WCTOYHUKH HE ROJKHH WMETH
odme# ToukH coeauHenus (oomeir "3eman" ). HanmpsxeHne 3THX UCTO Y-
HHKOB IOJAXHO DPEryAupOBATHCA M yCTAHABAWBATHCA MO BEAUYHHE OT
gyas 1o I00% uepes 0,5 + I,0%. X BHyTpeHHEe COMDOTUBJAECHHE
ZOJXHO OHTh 3HAYATEABHO MEHbHE CONDOTHUBJCHUX OCTAABHHX 3SJEMEH~
TOB MOZEeJH. [Ip¥ O4YeHb GOJBMOM YuUCJAEe HCTOYHUKOB 3TO MNPHUBOZUT
K HEOGXOZUMOCTH OOCTDOEHUSA CJAOXHHX, I'DOMO3ZKMX 4 ZOPOT'UX yCTa~
HOBOK. B OZHMX CJAyYaAX HCHOJIB3YDTCHA TPAH3UCTOPHHE CTACHAA3A~
TOpPH HANDAXKEHAS C AeJUTeNsMH HANDAXEHHSA, BKJAOYEHHHE HA OTZEJ]b~
HHEe MHILYKTUBHO U30JMDOBAHHHE OOMOTKHM TpaHCHopMaTOpa CSTH MEpe-
MEHHOTO Toxa[jI ], B IPYIUX CAydasx NPUMEHANTCS YCHAUTEIN
¢ DOJOXMUTENBHO# OOpaTHO# CBA3BD AAS KOMOEHCALWN COMNDOTHBIEHMH
[ 2 ]. B HeauHE#HWX MOZEASX ceTeif yCTaHABAMBADT MOMHHE BHIDAMU-
TEJ# C M3CAMPOBAHHEMHM AESAUTENSMH HANMPSAKCHHS C MAJLM COMNPOTHBIE~
HAEM L 7/ ].

lipennaraemuit CMoco6 MOZENMPOBAHUA MO3BOASET PEHATH Te XE
3a7ay# Ha OCHOBE uepexozmux'uponeccon B 3JEKTPHUECKAX NeMNsfx,
COZEpXamuX EMROCTM W WMIYJECHwe TpaHcPopuMaTopy TOKa (mOMMMO
WOZOB H COMPOTHBAECHHI) .

Mozea® OGHEKTOB B STOM CAyYae ABAADTCA HS CTATHUCCKMMM,
a ZMHAMUYECKUMH. PelleHue MOCTABJACHHHX 3azay nohyqaewcx B ompe-
ZeleHHHe MOMEHTH BDEMEHW MePEeXOAHOr0 Mpolecca B BHUAE MI'HOBEH-
HHX SHAYEHW# BeJUUXH TOK2 ¥ HANODAXKEHUE B BETBAX U y3JAaX SJIEKT~
puyeckoit nenu. [IpUHIMAD SKCTPEMAJBHOCTH HOAYyYaeTCH CHPABEIJUBHM
A ZJAA TaKUX UCKYCCTBEHHO MOCTDOEHHHX 2JEKTPUYECKUX Leneit, KOTO-
pHe COZEepXaT EMKOCTH, MIDADMUE DPOJb BHYTPEHHUX MCTOUHMKOB HA~
TPAXESHUS IBYXIOJOCHAKOB.

CpaBHeHMEe IWHAMUYECKHX MOZelei# OOBEeKTOB, MOCTPOEHHHX [0
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mperjaraeMoMy CHmocody, C M3BECTHHEMHU CTRTHYECKUMK MOIENAMH TexX
K& OOBEKTOB DOKa3uwBanT, YTO EB HOBHX MOZEISX DPOAL KCTOUYHUKOB
HAMDAXCHUS YCHOEmHO #UIpanT EMKOCTH. Kaxnas sapsxerHas EMKOCTD
MOXET OHTH 3aMEHeHa, Ka2K U3BEeCTHO, WMCTOYHUXOM HANDSKEHUA C
HAYTOXHO MaJuM BHYTDEHHWM CONDOTHUBJIEHUEM MOCJAENOBATENLHO BKJD-
YEeHHHM C He 32pAXeHHO# EMROCTHD.

3apsAaKa BCeX EuKocTel cXeMy HAa 3aZaHHHE DABJUYHWE HAMpARE-
HAS peliaeTcs mpejjaraeMuM CNOocOGOM CPAaBHATEABHO OPOCTO. Hid
9Toff HeJd C MOMOMBE NapH pa3ZedMTEABHHX ZAUOLOB Kaxkias EMKOCTH
MOZIENV ODPUCOEIMHAETCS K OLHOMY OCmeMy ZeJuTeJD HCTOYHMKA Nepe-
menHoro HanpskeHus (cs.puc.I). B 3TOM cayyae mpu COOTBETCTBYD—
meff MOASPHOCTH OZHCH M3 MOAYBOJH NMEPEMEHHOI'O HANDSAKEHUS l){TL’
EéMKOCTH 3apAKapTCH HA 3aZaHHWE OOCWMMM ZeluTedeM YacTH OGIHero
HANpAXeHH . ' ,

Bo BpeMs ZneficTBHA ApYyroft HMOJYBOJHH HAMDSEERUSA LAE\(HPH
NONAPHOCTY OCPaTHO# HAMpABIACHUD BHIPAMJAEHUA Map pasnéhnTenbnux
AMOZOB), OTO HANPSKEHHE LAﬁ: 3andpaer yKasaHRWE ZMOZH. B 3TO
BpEMS BCe EMKOCTH MOZedH upéanqecxn MOXHO CYATAaTh OTCOEAUHEH—
HUME OT MCTOYHMK2 32pazZKK. ClefCcBaTeNbHO, B 3TOT OTPE30K Bpe=
MEeHH MOXHO MOZAaBaTE: HA MOZElNb Da3AUYEHS HUMIOYAbCH HANDAKCHASA H
TOKa, MPOU3BOAZMTH M3MEDEHAS MI'HOBEHHWX MIW CPSIHUX 3HAUECHHUi
BEJMUY4H TOK2 ¥ HaONpAXEHU# B BeTBAX K y3JaX MOZAEIH,

 Takmu 0o6pas3oM, M0 MpeZJaraeMmonMy Crnocody CXeMd Mozelei
O0GLEKTOB COCTABAART U3 EMKOCTEH, AMOZOB ¥ B HEKOTOPHX CIAydYasx
3 COMDOTHUBASHKA, MMIYABCHWX TpaHCEOpDMATODO®R TOKa ¥ TPAaH3HCTOD-
HuX kapuef. Tpedyercs 3aZaTh HA Bce EMKOCTH, WMEDLAECS B CXEMe,
ONMpencleHHHE HavaibHHE YCJAOBMSA, T.E. HEOGXOLMMO 32apsAAUTH BCE

EMKOCTH H2 33aZaHHWE H2NDAKEHUSs M NOZBECTH K HEKOTODHM Y3JOBHM
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TOUKaM 3a7aHHHE T'DAHKYHHE YCJOBHA.

PemeHMe KaEZO# 3aZ2uM MOAYYAETCA B BUAE PAZA MIHOBEHHWX
3HAYEHA# TOKOB ¥ BaOpAXEHW# B MOZEAH B NEPEXONHOM OPOLECCE.

C neasp ynopomeHHs cHocoda 3aZaHUA HAYAJNBHWUX YCJAOBHUH M CIO~
co6a #3MEPEeHUs MI'HOBEHHHX HJH 6pennnx 3HaYeHN# TOKOB ¥ HAMNpsAxe-
Hif Bech mpouecc, Kak yxe CKa3aHO, MCKYCCTBEHHO HOBTOpAETCA BO
BpEeMeHK, MyTeM UCHOAb30BaHHS MEPEMEHHOI'0 BO BpEMEHH HANDAREHHUA
oT o6mero MCTOYHMKA. [IpM STOM, OPH OZHO! MOAYBOAHE, MDPOW3BOLUT—
cA 3aZaHMe HAYaJbHWX YCJAOBHi (OpoWCXOzWT 3apsiKa), a OpU APY-
roit MONYBOJHE MPOMUCXOAUT HYXHHil mEpeXOZHWil Mpouecc B 3JAEKTpH-
YeCKOil MOZelu.

lpezsaraenuit ¢cn1oco6 NMpoBepeH 3KCHEPHMEHTAJBHO :

\npn ompezeNieHN KPUTHYECKOI'0 MYyTH B CeTeBOM rpaduke;

MpA MOCTPOEHUHM Mozelell HedAuHefHWX ceTeil;

MpH DEemeHHH 33aJauUd O HAXOXZESHWM KpaTyaijtmero OyTH B CETH.

Insi padoTuy MOZeleil mO MpepJaraeMoMy Cmocoly HeoOXOZuM OG-
Lk MCTOYHUK MEPEMEHHOT0 HANPAXEHHSA MOCTOSHHOK Y2CTOTH Hepuona
l}: dopua xpuBoii (OpAMOYroabHO) STOr0 HaOpAXEHWs MNOKa3aHa HA
piac.I. OHa mMeeT BUZ MPAMOYTOJLHWX UMIYABCOB PA3HON MOJAPHOCTH,
Kak 3TO BUZAHO Ha puc.I, npuveM, AAATEISHOCTDH (Z:%‘ H BeJUuuHa
(aunanTyza) MONOXHTENBHOR MOAYBOAHH MOKET OTAHYATHCH OT IJIH-
TeJbHOCTH xél OTPHUATEAbHON MOJYBOJHH. BedwuuH2 3anupanmero
owpnnarenbnofo HANpAXEHAA /@} LONXHA OHTH BCerza OOJble MoJO-
EHTEJBHOIO 3HAYCHHA HAMPAXCHHS LAT\ . YacTp MOMOXKUTEIBHOH
MOJNYBOAHY AJAUTEABHOCTHD <1:}w UCTNOAB3YyeTCA IJA 3apaAKu BceX
OCHOBHHX EMKOCTeit uoneneﬁ./hﬁouecc pacoTuy MoZedeit 3 HEOGXOZLUMOM
. ?

pexuMe NPOXOAMT BO BpeMs 2\ Kaxacro mepuoza. [pidem Bce

AN
HCTOYHUKM HAMPAXEHAS M TOKAa, WIPaplKe POJb IPAHUYHHX YCJAOBUR
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4 MpaBYX YacTel ypaBHEHUH OpU MOLEAWDPOBAHWK ZOJEHW AE#CTBOBATH
¥ B ™
B TOft vacTu L”i. aepuoza | , KOrZa UCTOYHMK HAMDAZEHASA yXe
—
He 3apAxacT OCHOBHHE EMKXOCTY MOZEJM ¥ Korza OTpULATEJbHAA MNOAy=-
BOJHa HAMDAKREHAS 3aMMpacT BCE Napu pa3ZeJUTeNbHHX AKOZOB.
A

Ha puc.I moxasaHz IS OpWMEpa $OpMa MMIOYASCOE [, OZHOIG

(2
T2KOI'O BHEWHErc HCTOYHMKZ TOKa.

Ha puc.2 nmpezcTaBleHa cXeMa MOZeNH OCOCmMEHEOE BETBH, MO
KOTOpO#l "ZBMUXETCA"™ MOTOK HEKOTODOIi BEJHYMHW MpH DEMEHUM 3aray
0 pachnpefieleHK¥ TOTOKa B CJACXHO! nemnu [2. 3}. C moMOmBD TaKux
aaeMeHTOB (BeTBeit) MOTYT OWTh MOCTPOEHH MOAGAM OGBEKTOB LIS
pemerus 3a7ad O KpaTyaiimeM ¥ O AJAMHHe{NeM MyTM ¥ O pacmperneie-
HIY TMOTOK2 B CETHX CJAOKHO¥ KOHPurypanuu. ONTUMAalbHOE pachpernefie-
HUe DOTOK2 OMpezelaseTCsd pacnpezelieHHeM 2JEKTPUYECKHX TOKOB MO
3TUM BETBSM B MOZEIH.

Ha puc.2 nmoxasano COEZMHEHNE C MCTOYHUKOM NepeMessoro Ha-
mpAxeHus I TOABKO OZHOT'O 2JAeMEeHTa. TakUX 3JIEeMEeHTOB MOEHO, pasy-
Meercs, ;;ncoenunnms MHOXECTEO.

K oomeMy RAs Bceft MOZEnu ucmoqnnxyvl C LEeJbpl YCTAHOBKH 32-
JaHHO/ BeJWYMHW HANDAXEHAS HA EMKOCTH NPHCOENMHEHH ZBE YaCTH
ZeauTeas aaupﬁxeanﬂ;gg E-EE. OzHa YacTh ZSIWT HANpSKEHHE, HAMPU~-
Mep, uepe3 OZHy COTyD, 2 Zpyraf 4YacTh ZEAUT C HOMONBD OTBOZOB
Yepe3 OZHY ZeCATYo OT MOJHOTO HampaAxeHus. Eciaw, HampuMep, B
nepnon\gg H BO BTOpOi# qacrnvgg 0yZeT 0 9 OTBOZOB, TO C MOMOMBD
IBYX NEeperRJpuaTelNeil MOXHO YCT2HOBHUTH Ha BXOZHWX KJA6GMMAX HANpSfi~
XEeHHe OT HyJAsA 20 99 OpOLeHTOB, T.E. Yepe3 OAuH npoueﬁT OT MOJ~
HOI'0 HANDAKEHH S ucroqﬂxxghz; Taxas ZexkazHasf cHCTeMa BechMa YZOO-
Ha, T2K Kak TpeCyeT HeCOoJpmO# KOMMYTAaTOD ZJAS YCTAaHOBKM 4Yepes

IuoZH 3 3aZAHHOT'O HANDARKEHWS HA EMKOCTAX 4,

- S~
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PasyuMeeTcs Takas CHCTEMA KOMMYTAallMd MO3BOJASET ¥ DACHUDUTH
mpeZedd BeJWYAHH HAODAKEHUS 3a7aBaeMoro ZJis 3apAIKU EMKOCTH.
Tax, HampuMep, 4acTH AeNdTeNs 2a g§~MOEHO U3rOTOBHTH HE MO
9, a no 20 BWBOZOB, YTO ZAET BO3MOXHOCTH 3aZ2BaTh HaNpAEEHHE
yepes I : 400 OT MOJHOI'O nanpﬁxeﬂnﬂ, ¥ T.A. KcratTn oTMeTmM
yZOGCTBO UCHOJH30BAHKAA B ITOM CJyyae DAT'OBHX HCKaTeleil X mozol-
HHX WM KOMMYTaTODOB A AMCTAHIUOHHON yCTAHOBKM HAMDAKEHA# HA
EMKOCTAX MOZEdH,

C nmoMompp TpaHcPopMaTOpa NEPEMEHHOT'O Toxatékuepnuqﬂuﬁ TOK
KOTOPOI'0 YCTAaHABIWBAETCH WHAWBUZY2ABHO IJAA KAXAOTO WMyHTOM 6,
cO3ZaeTcs onpezeleHHAs CuJla TOKa B OrDaHUYMBALEEM 11;{011.3“"2\:‘~
(Ina oGecrmeyeHus: HOPMAJBHOTO DEXUMA TpaHC(PopMATOpa TOK2 HEOGXO0%
LAMO BTODYD MOOJYBOJHY MNEDEMEHHOI'0 TOKa UPONYCKaTh uYepez Auoz 8,
KOTODHit MOXET OHTH YJCT2HOBJEH B ZOMOXHUTEJABHOH BTOPUUHOH ooig;;
Ke TpaHcopMaTopa 5, XaK MNOKa3aHO HA DUC.3, WIM HENOCDPEACTBEHHO
napaJielsHO ocaongghy IMOZY) .

Ins ofecrneyenus MPOXOKLEHAS TOKA B IBYX HANDABACHUAX B
3a7aYax ¢ ABYXCTODOHHMM MMOTOKOM B BETBAX WCHOAB3YETCH AUOLHuH
MOCTHK 9, KOTODH# 7a€T BO3MOXHOCTH TOKYy OT BHEmMHSH menu, Ha-
upnMeprwaT uctoyrunxa I0 DpOXOZUTE yepes éuxocrxJﬂ a nuo%NY
mp# Jn6oi HOAHpHOCTu‘;;HpﬂKeHHH WK TOKa BHemHero ucrTovHuka IO,

Ha puc.3 npexcTaBieHa Ta Xe cXeMa, YTO ¥ Ha pUC.3, HO O¢
ucTovyHuka I u meaurens 2, (cM. BMECTO HHX OYHKTWD X ZWOAH 3 ¥

~ e A~
EMrOCTH 4).
“a

[Ipu cocTaBICHHUM CXeM CAOXHHX MOZedeil ceTell MOXKHO HE MOKAa3H-
BaTh OGUue LIS BCeX EMKocTel ucwoqﬂnxtz '8 nenuTen§~§: SameTuM
K TOMY ¥e, 4TO DK HANMYAK ZMOZHOTO ).OCTHKAa S MOXHO HE CTaBUTH

AP~

auoz 7, TAK Kak AWOLW MCCTHKA 9 3aMEHSNT 3TOT IUOZ.
A~

A~

TaxuMm oCpa3oM, Jap0as CHOKHAA MOZLEJNb DU PEleHAW 327324 O

-
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KpaTuaimeM OYTH, O pacipeZeldcHHM TOTOKA ¥ IDYTHX 32734 MOXET
OHTBH cOCTaBncHA u3 BeTBel puc.3 (uau 4). [omamasi K- IDAHWYESM
TOUKaM 2TO# MOZEJM TOKM WIM HRNPAKEHUS B MOMEHTH MepHoza (Cé. "
U3MepAs DK 3TOM paclOpensJcHWe TOKOB MO BETBSAM, MOKHO, KaK cxa-
32HO Buille, DEWXTH MTOCTAaBIEHHWE 33aZauH.

B cayvae, KOrza Ta #4JIM HHAS BETBb HE OrPAaHMYMBAET BEIKUHHY
TOTOK2, MOXHC HE CTABUTH OIpaHMUYUBADMUK nnon‘z\u CBfA32HHHY C HUM
TpaHCHOPMATCD TOKa“2 B myarou_é‘n IOMOJHATEAbHEM ZHOZOM 8. S5Ta
YaCcTh BETBUM HYXHA TONBKO TOT'ZAa, KOTZ2a BEJMYMHA MOOTOK2 o;ggﬂuqeaa
© ZaHHEO# BEeTBM ONpEleNeHHHM 3HAUeHWeM (HampUMep, MpOMYCEHO/
CIOCOGHOCTHED ZOPOTH).

B HEKOTOPHX CJyYasX MOKHO 3aMEHMUTH TpaHCcPOpMATOD TOKA 5
ZeiicTBAEM BCIOMOT2TSJABHOM éuxocrnvﬁ_(cu,puc.u), KOTOpPYD cnenjer
32pA%XaTh Ha NOCTATOYHO (OJbliee HAMDSAKEHHE C MOMOMBD AOMOJHUTEJNIb-
HOI'O MCTOYHUX2 [NEpPEeMEeHHOr'0 HampsAXeHus dYepes nnonumg. dra EMKOCTD
4 CyZeT paspaxaTRCA B YaCTH Nepuoza (C’i\ Ha OrpaHMYMBADUAA ZHOZ
JZ yepes CPaBHUTEJLHO COJbMUE conpornx&eﬂnﬂ IT u sTuUM cO3ZaBaTh
332 HHNA TOK B ZHOZE l (PanuoHaIBHO Taxxe«;cnonbaonan cxeMy -
TPaH3UCTODPHOI'O OpPeolpa30BaTels HAaNPAXKEHUS HA EMXOCTH B CHUIY TOKa
OrDaHUUMTENS ),

HauGonee OpocTas cXeMa BETBM W MOZEAMW MOAYY2ETCHA MOPK OZHO-
HAMP2BJACHHOM OOTOKE ¥ OPU HEOTPaHWUSHHOE MPOMYCKHO# CHCCOGHOCTH.
Mpu aToM HE TpedyeTcs AMOLHWH Mocwnxag‘n TpaHCHopMaTOop Tcxavé_
(wam cOOTBETCTBYOUAR eMy EMKOCTD 4 A pHC.5).

Ha puc.5 npencTaBleHa MPUHIMOMAJABHAA CXeMa HEJHHEH|HOro
BJIEMEHTa MOTEeNM CeTd, NpeiHA3HAUYeHHO# ANA pemeHus 3afay mo
DP2CUeTy THIDABANUECKAY, Ta30BWX, TEMIOPUKANUOHHHWX H Ip.CeTel.

B 2TOM HEJXXES{HCM 3 !eMEHTE ZOUOJHUTENbHO MMENTCSH HECKOJBKO

guxocTefl 4 (3 7aHHOM TpMMEpe TPH), KOTODHE DPaspAKapTCH Uepes
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IAO0ZY 5 ¥ COMPOTHUBJASHHA 6.
et —
BHemHee HANDAXSHHUE CHCTOHHKK.9) Y€pe3 AMOLHHIK Mocmuxafﬁ
eCJd OHO GOJBIE KaKOT'O-IUC0 U3 aan;;xeﬁuﬁ HA yKa3aHHHX EMKOCTAX,
320ApaeT ¢ [OMOmWbED HHOAOBVE TS UIY MHHE Lend (nnon‘zl COMPOTKB~
JeHue é). B cXeme, MOKa3aHHO# HA pHC.5, éuxocru~ffﬁxnmqeﬂu Tak,
4TO o;n MpEeACTaBAANT cOOo#f BMecTe EMKOCTHOH ZeJWTedb HAMPARSHUS

IpH KX 3apAZKe TOKOM OT HCTOYHUXA I yepes JAeauTeNd HANDSKEHAS
2, 2. .
- CxeMa 5 mOKa3wBaeT, Kak MOXHO MCHOJB30BaTh MpenJaraeMuit
ca0co6 1Js TCCTPOEHMS HEeJMHeiHdX 3BEHbEB, MO3BOJADMAX CO37ATH
ABYXTOJXOCHHK C KYCOYHO-JOMAHHO! XapakTepucTuxoit. Hampsxenne Ha
BXOZe JTOr'0 ABYXIOJKNCHUKA CONOCTABAASTCA C HEKOTODHM DAZOM OMOp=-
HUX HampAReHu# éuxocreﬁ'f, a nuonu.2~§uxnnqanw Te WIM HHuEe
conporunneunavé A 9TUM U3MEHADT BeJAMYMHY OOCMEro COMPOTHBICHUSA
IBYXMOJIDC HAKA .

PasymeeTcs B MOZENM 3 TAKMX HEIWHEHAHWX 3BEHBEB TAXKE MOTYT
OHTh BKJDYEHH OTPDAHUUATENH TOKA, MMOKA3aHHWE HA DHC.2-4,

lIpepaaraeMuit cmoco6 MOAEJUPOBAEUA MO3BOASET MOCTPOUTH TO
AAM WHOE MOZeJupyiomee YCTPOiCTEO.

dycTs, BHAampuMep, uMeeTCs OCBEKT, I'le HEOGXOLMMO DemaTh 3a-
Jay¥ ceTeBOr'0 MIAHKDOBaHUA. B aTOM cjayvyae M3BECTHA CTPYKTypa
ceTeBOI'0 rpaguka, M3BeCTHA AJIUTEABHOCTh KaxZoi# pPaGOTH, a TpedyeT=-
cf Mpexze BCEro ONpeleldHTh KPUTHUECKUH OyTH OT HavaJja 70 XOHNA
PasoTH.

JIunaMudeckas Mozelp AAs 3TuX 3azay (puc.6 u 7) cocraBaserT~
ca 33 CBA3AHHHX AMOZAMK OZMHAKOBHX EMKOCTel, WyHTHpPOBAaHHHX
OZMHAKOBHMU COMPOTHBIACHUAMU. Ha ZeauTeasix HampAKeHH A ?a,E; ycTa-

HABJAUMB2OTCSA 3SHAYCHUSA HANDAKECHUA, KOTOPHE MPAMO MMPONOPLHOHAJBHH

IJIUTEISHOCTH pacoT, a K I'PAHAYHHM TOUKaM MOZEJNH OCGBExTa,
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COOTBETCTBYOMMUM HAY2Ly # KOHLY Bcef padoTH, MPUCOENKHAETCH
MMIOYNBCHWH UCTOUHUK -roxaj\, XOTOpw# ZONXEH OHTH CMHXPORU3UPOBAH
¢ OOmUM WMCTOYHUKOM MSDEMEHHOI'O aanpaxenmi, umabmvm yepes
ZeauTels BCe EMKOCTH. /MOYABC TOKA HEOSXOAMMO MOZABATH B TOiH
4acTH Neprofa, KOTUZa YKe DX =72:708 32DARKE euKkocTeft.

Pemenue 327auM - Ompenescty. | TNYECKOrC NYTA - NOAyYaeT-
CA NyTeM HACHOZEHUHA HA HHZIHKaTOani 32 TPOXOXZEHUEM UMMYJABCHOI'O
TOKa OO AMOZaM OCHOBHO# CXeMH MOZedd. ITOT TOK GyAeT MPOXOAUTH
mo HauGoadee AJAMHHOMY OyTH (KPUTHYECKOMY).

JoCTaTOYHO MOMEHATH B 9TOll MOZEJWM HANPaBAEHUE AMOAOB WM
TP2H3NCTOPHUX KADYEH# B OCHOBHO# CXeMe U MMIYJBbCHHE TOK mpoiizer
M0 HamGolee KODOTKOMY OyTH. g

Crezyer OTMETHThH, YTO KOTZA H3BECTHA Ta MJM MHASA CTATHYE-
CKas MOZedsr 06%exkra (HAa MOCTOSHHOM TOKE), TC OYeHb JErkKo Mo-
CTPOWTH SKBABAJNEHTHYD AMHAMUYECKYD MOZEND C EMKOCTSMH MO Mpel-
JaraeMoMy crnocooy.

Taxmu 00pas3oM, NpezjaraeMuii aBTOPOM CMOCOC MOAEAMPOBAHUSA
OTAMYASTCH TEM, UYTO ¢ HEABD MOCTPOCHAS SKBUBAJICHTHHX H3BECTHHM
craTuveckms MozedsM ("Ha MOCTOAHHOM TOKe") AAA DemeHMA yuouﬁny-;
THX 33724, HO MaJOraCapHTHHX, 6oNee HAZEKRWX, MEHEee TDyAOEMKHX
¥ MOTPECJASOMUX MEHbIE DHEDPTUW IMHAMKHUYECKHX 3BJIEKTPOHHWX Mozelnei,
BO BCS BETBM Hemeil, r'Ze 0C YCJAOBHAM 33ZAy¥ HEOOXOZAMMH WUCTOYHUKH
3IC, BKJADUADTCH 3apAXEeHHHEe EMKOCTH, a BO BCe BeTBM neneif, B
KOTODHX 00 YCAOBHAM HECOXOZMMH OTP2HMUATENH CHJAH TQKA, EBKJILYADT-
Ccf IMOZHNE KJIOUYW, MPHUCOEZUHEHHWE CO BTODHYHHMK OCMOTKaMW HMOYJIB6-
HYX TpaHCHODMATODOB TOK2 .

Jis OIHOBDEMEHHO# MEpHOZMYECKO# 3apALKH BCeX EMKOCTeil MO-
IeJF UCTHOJAB3YEeTCA OLME OCmMi MCTOYHWK NEPEMEHHOT'O HaNpAREeHUS

¢ ZeauTeseM, K KOTOpDOMY Kaxzas EMKOCTDH MPHCOERUMHAETCH Uepes
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napy "pas3ZeJuTeNbHHX" AMOZOB.

BremHMEe MCTOYHHKM (TPaHWYHHX YCJAOBH{) MOABOXATCH OEPHOLU-
YeCKH B MOMEHT ZeilcTBUS OTPHUATENBHQX MOJYBOJHH MEPEMEHHOTO
HaMpfAKeHUA, 3amUpapmero nem# "pas3ZeauTelbHUX" ZHOZOB. B aToT
Xe MOMEHT BDEeMEHH MEepeXOZHOr'0 Mpomnecca MPOUSBOZUTCSH A3MEDEHUS
UCKOMHX BEJMUYUH B BETBAX U y3JaX MOAEJH.

Croco6 MOZENMPOBAHASA C MOMOWBD AWBEAMHYECKUX MOZedeil, co-
LeprauuX EMKOCTH, MO 3PPeKTUBHOCTH SKBUBAJEHTEH CNOCOGy co3Za-
HUS HOBOI'0 WMCTOYHHKA MOCTOSHHOTO HAMDAKEHUS C HUYTORHO MAJIHM
BHYTPEHHAM COMPOTHBJIEHHESM M JEIKO M3MEHSOHAMCS HA BWXOZE Ha—
MpEXeHNeM XCTOYHMKA, KOTOpHH MO radapuraM 4 CTOMMOCTH COOTBET-
CTByeT OGHQHOﬁqéMROOTH (koHzEHCATODPY). TOABKO CUMOTETHYECKOE
CO3ZaHME TAKOI'0 CHNOCOGAa H3TOTOBAECHUS HOBHX MCTOYHMKOB MOCTOSH-
HOT'O HAMpAXEHAS MOXeT MO3BOJHTH CP2BHUTH 30PEKTUBHOCTH CTapHX
(M3BeCTHHX) W HOBOTO MPEAJAraeMOr'0 CIoco0a MOASAMPOBAHUS OGHEK—

TOB C OYeHb OOJBMIM YUCJOM BETBEil B MOZeJH,.
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Puc.I. Jluarpauus TOKOB W Hampsxesmfi.
OGosmauemms: € - BpeMsi; ' | - MEDHOX; ((,7“ ~ZAUTE ALHOCTD
MOJOXUTEABHON MOLYBOJAHH ; (CZ?\ - IARTEAHHOCTH OTPHIATEABHOMH

DONYBOXEW MepeMeHHOTo Hampsxenns A odmero mcrowmmka ;

~—
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Pmo.2. Cxews szewemta WOZeAX ¢ BHYTPOHENM NOTOVHNEOM EAmpSe

zemis (8aX0cTHD) R NCTOUENKOM T0Xa (TPaHGJODMATODOM TOXA)

Odosmavenns:
I - HOTOYHNE NEDEMEEHOr0 HANPARCHNSA ;
. %l ?n-xunul BAOPAKCHRA ;
3 ‘=ANOZM AN SapAAKN éuxocred ;
-EMR00TS ;
~rpasonopiuaTop TOXA ;
~NYHT AAS DETYANDOBKN CEAY TOXA ;
.~ "orpaEwuwsapmil” zmox ;
-BoHoMOTaTexbEuRt MNOR ;
~ANOREUR MOCTHEK ;
~-BHEWHNT WCTOWHNK.

Bvovowawus
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Puc.S. .[IpMHURNHANBBAs cXeMa 3JeMeHTa MoZeiM (aHAJAOTMYHO pHC.3)

OGo3HauYeHHs T € X e, YTO H3 DHC.2.

S 43,
—DH{HK
b L[4

3 &3

= 5

Prc.4. Cxema 3JeMeHTa MOJelM C JONOJHMTEABHOX EMKOCTHD i

B KavyecTBe HCTOYHHKA TOKa.

0Go3B4ueHMs T € X €, 4TO Ha puc.2. II ~=Z0GaBOUHOE COMpO=-
—  THBIEHHE.
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Puc. 5. Cxeua aieMeHTa MOAGAM AIA PeWleHHA HeXHHOHHHX
anregpauecKux 3azad.

0Go3naveHnsn:

I - HCTOYHMK NePEMGHHOTO HANDAXSHHS;

&

3 AenuTenu HanpAKeHUs;

— AMOAH 3apANKH eMKoCTeil;

~ eMKOCTH;

~ ZAWMOZH OCHOBHOU CXEMH}
conpoTusieHUs B qenu AMOAOB;
- COMpOTMBIEHUE;

- AMOAHHA MOCTHK;

O 0 N 0NV oW
]

- BHEWHWH! MCTOYHUK.
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Puc. 6. Cxema BASKTPOHHOH MOZENM CeTeBOr0 rpajuxa AIA
onpeZenesus "KpHTHYECKOro" nyTa.

OCoaBaveHns:

- HCTOYHMK NEDEMEeHHOI'0 HANPHWOHRA;.

- AeXWTENb HANPAXCHHEA

- ZMOZH AIA 38PAAKE eMKOCTeil;
€MKOCTH}

- myHTH ( CONPOTMBIERMA ) K EMKOCTHAM;

¥PaBE3UCTOPERE KIANYHM;

AHARKETOPE TOKE§

0O N o0 W
]

BHEWHUE MMOYABCHHE UCTOYHKK CHAN TOKa;

I -1 - .yuorue TOUKE MOZENH.
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