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Èäåíòèôèêàöèÿ ìîäåëè ðàçîãðåâà ýêñòðóäåðà äëÿ

ïîëèìåðîâ

c⃝ Ä.Â. Èâàíîâ 1, À. Â. Èâàíîâ 2, È.Ë. Ñàíäëåð 3, Í.Â. ×åðòûêîâöåâà 4

Àííîòàöèÿ. Â ñòàòüå ïîêàçàíî, ÷òî îáúåêò ñ èððàöèîíàëüíîé ïåðåäàòî÷íîé ôóíêöèåé ìî-
æåò áûòü àïïðîêñèìèðîâàí óðàâíåíèÿìè ñ ðàçíîñòÿìè äðîáíîãî ïîðÿäêà. Ïðåäëîæåíà ìà-
òåìàòè÷åñêàÿ ìîäåëü ðàçîãðåâà ýêñòðóäåðà äëÿ ïîëèìåðîâ â âèäå ëèíåéíîãî óðàâíåíèÿ ñ
ðàçíîñòÿìè äðîáíîãî ïîðÿäêà. Äàííàÿ ìîäåëü ñðàâíèâàëàñü ñ ìîäåëÿìè âûõîäíîé îøèáêè è
ARX-ìîäåëÿìè öåëîãî ïîðÿäêà, àëãîðèòìû èäåíòèôèêàöèè êîòîðûõ ðåàëèçîâàíû â ðàñøèðå-
íèè MatlabIdenti�cationtoolbox. Ïðîâåäåííûå ýêñïåðèìåíòû ïîêàçàëè, ÷òî ìîäåëè íà îñíîâå
óðàâíåíèé ñ ðàçíîñòÿìè äðîáíîãî ïîðÿäêà îáëàäàþò áîëåå âûñîêîé òî÷íîñòüþ. Ïðåäëîæåí-
íûå â ñòàòüå ìîäåëè è àëãîðèòìû äëÿ èäåíòèôèêàöèè ðàçîãðåâà ýêñòðóçèè ïîëèìåðîâ ìîãóò
ïîñëóæèòü îñíîâîé äëÿ ñîçäàíèÿ íîâûõ âûñîêîýôôåêòèâíûõ ñèñòåì óïðàâëåíèÿ.

Êëþ÷åâûå ñëîâà: ýêñòðóçèÿ, ïàðàìåòðè÷åñêàÿ èäåíòèôèêàöèÿ, ðàçíîñòü äðîáíîãî ïîðÿä-
êà, ìîäåëü âûõîäíîé îøèáêè, ìåòîä íàèìåíüøèõ êâàäðàòîâ.

1. Ââåäåíèå

Ïðîöåññ ýêñòðóçèè ÿâëÿåòñÿ îäíèì èç îñíîâíûõ òåõíîëîãè÷åñêèõ ïðîöåññîâ â ïðîèç-
âîäñòâå ïîëèìåðíîé ïðîäóêöèè. Ïîëíûé öèêë ðàáîòû ýêñòðóäåðà (àïïàðàòà, â êîòîðîì
ïðîâîäèòñÿ ïðîöåññ ýêñòðóçèè) ñîñòîèò èç íåñêîëüêèõ ñòàäèé:

1) ðàçîãðåâ ýêñòðóäåðà äî çàäàííîãî òåõíîëîãè÷åñêèìè óñëîâèÿìè òåìïåðàòóðíîãî ðå-
æèìà;

2) ïóñê ïðîöåññà ýêñòðóçèè � ïåðåõîä îò ñîñòîÿíèÿ, êîãäà ïðîäóêöèÿ íà âûõîäå ýêñ-
òðóäåðà îòñóòñòâóåò, äî ñîñòîÿíèÿ, êîãäà èñõîäíàÿ ïðîäóêöèÿ ýêñòðóäåðà ñîîòâåòñòâóåò
çàäàííûì êîëè÷åñòâåííûì è êà÷åñòâåííûì õàðàêòåðèñòèêàì;

3) ðåæèì íîðìàëüíîé ýêñïëóàòàöèè;
4) îñòàíîâêà ïðîöåññà ýêñòðóçèè.
Ïåðâàÿ èç íàçâàííûõ âûøå ñòàäèé � ðåæèì ðàçîãðåâà � õàðàêòåðèçóåòñÿ íåïðîäóêòèâ-

íûìè çàòðàòàìè ðàáî÷åãî âðåìåíè è ýíåðãåòè÷åñêèõ ðåñóðñîâ. Ïîýòîìó, ñ òî÷êè çðåíèÿ
ïîâûøåíèÿ ýôôåêòèâíîñòè ðàáîòû òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ â ïðîèçâîäñòâå ïîëè-
ìåðîâ â öåëîì è ýíåðãîñáåðåæåíèÿ â ÷àñòíîñòè, çàäà÷à óïðàâëåíèÿ ðåæèìîì ðàçîãðåâà
ýêñòðóäåðà ìîæåò áûòü ñôîðìóëèðîâàíà ñëåäóþùèì îáðàçîì: íåîáõîäèìîñòü ðàçîãðåòü

1Èâàíîâ Äìèòðèé Âëàäèìèðîâè÷, äîöåíò êàôåäðû ìåõàòðîíèêè, àâòîìàòèçàöèè è óïðàâëåíèÿ
íà òðàíñïîðòå, ÔÃÁÎÓ ÂÎ "ÑàìÃÓÏÑ" (443066, ã. Ñàìàðà, óë. Ñâîáîäû, 2 Â), êàíäèäàò ôèçèêî-
ìàòåìàòè÷åñêèõ íàóê, ORCID: http://orcid.org/0000-0002-5021-5259, dvi85@list.ru

2Èâàíîâ Àëåêñàíäð Âëàäèìèðîâè÷, àñïèðàíò êàôåäðû ìåõàòðîíèêè, àâòîìàòèçàöèè è óïðàâ-
ëåíèÿ íà òðàíñïîðòå, ÔÃÁÎÓ ÂÎ "ÑàìÃÓÏÑ" (443066, ã. Ñàìàðà, óë. Ñâîáîäû, 2 Â), ORCID:
http://orcid.org/0000-0001-7890-6177, aivanov 2016@list.ru

3 Ñàíäëåð Èëüÿ Ëüâîâè÷, ñòàðøèé ïðåïîäàâàòåëü êàôåäðû ìåõàòðîíèêè, àâòîìàòèçàöèè è óïðàâ-
ëåíèÿ íà òðàíñïîðòå, ÔÃÁÎÓ ÂÎ "ÑàìÃÓÏÑ" (443066, ã. Ñàìàðà, óë. Ñâîáîäû, 2 Â), ORCID:
http://orcid.org/0000-0003-4967-3321, sandleri@bk.ru

4×åðòûêîâöåâà Íàòàëüÿ Âàëåðüåâíà, äåêàí ôàêóëüòåòà ÑÈÒ, ÔÃÁÎÓ ÂÎ "ÑàìÃÓÏÑ" (443066,
ã. Ñàìàðà, óë. Ñâîáîäû, 2 Â), êàíäèäàò òåõíè÷åñêèõ íàóê,ORCID: http://orcid.org/0000-0002-0060-9778,
chertykovtseva@mail.ru

Ä.Â. Èâàíîâ, À.Â. Èâàíîâ, È.Ë. Ñàíäëåð, Í.Â. ×åðòûêîâöåâà. Èäåíòèôèêàöèÿ . . .



Æóðíàë ÑÂÌÎ. 2017. Òîì 19, � 3 83

ýêñòðóäåð äî íóæíîãî òåìïåðàòóðíîãî ðåæèìà ïî çîíàì çà êðàò÷àéøåå âðåìÿ áåç ïåðå-
ãðåâà àïïàðàòà (èëè ñ ìèíèìàëüíûì ïåðåãðåâîì).

Â ïîñëåäíåå âðåìÿ ïîÿâèëèñü ðåçóëüòàòû íàó÷íûõ èññëåäîâàíèé, ïîñâÿùåííûå ðåøå-
íèþ ñôîðìóëèðîâàííîé çàäà÷è. Êàê ïîêàçàëè ðåçóëüòàòû èññëåäîâàíèé, ïðèâåäåííûå â
[1-4], óïðàâëåíèå ðàçîãðåâîì ýêñòðóäåðà äîëæíî îñóùåñòâëÿòüñÿ íà îñíîâå ìàòåìàòè÷å-
ñêîé ìîäåëè, êîòîðàÿ ñóùåñòâåííî óëó÷øàåò êà÷åñòâî ñàìîãî ïðîöåññà. Ñëåäîâàòåëüíî,
äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ðåæèìà ðàçîãðåâà ýêñòðóäåðà íóæíà ñîîòâåòñòâóþùàÿ
ìàòåìàòè÷åñêàÿ ìîäåëü. Áîëüøèíñòâî èçâåñòíûõ íà ñåãîäíÿøíèé äåíü íàó÷íûõ ðàáîò,
ïîñâÿùåííûõ ýòîìó âîïðîñó, íàïðàâëåíû íà ðàçðàáîòêó àëãîðèòìîâ èäåíòèôèêàöèè ìà-
òåìàòè÷åñêèõ ìîäåëåé ïåðâîãî ïîðÿäêà ñ çàïàçäûâàíèåì (ÏÏÇ) èëè âòîðîãî ïîðÿäêà ñ
çàïàçäûâàíèåì (ÂÏÇ). Äàííûå ìîäåëè îïèñûâàþò îáúåêò ñ ñîñðåäîòî÷åííûìè ïàðàìåòðà-
ìè, ÷òî ÿâëÿåòñÿ äîñòàòî÷íî ãðóáûì äîïóùåíèåì ïðè ìîäåëèðîâàíèè ïðîöåññà ðàçîãðåâà
ýêñòðóäåðà. Â ñòàòüå ïðåäëîæåíà ìîäåëü ðàçîãðåâà ýêñòðóçèè ïîëèìåðîâ â âèäå ëèíåéíîãî
óðàâíåíèÿ ñ ðàçíîñòÿìè äðîáíîãî ïîðÿäêà.

2. Ïîñòàíîâêà çàäà÷è î ëîêàëüíîé ïðèâîäèìîñòè

Ðàññìîòðèì èäåàëüíûé áåç ïîòåðü ïðîöåññ íàãðåâà ïîëóáåñêîíå÷íîãî òåëà. Îñü íà-
ïðàâëåíà ïåðïåíäèêóëÿðíî íàãðåâàåìîé ïîâåðõíîñòè, à íà÷àëî ñîâïàäàåò ñ íåé. Çàïèøåì
óðàâíåíèå òåïëîïðîâîäíîñòè äëÿ äàííîãî ñëó÷àÿ

∂T (l, t)

∂t
= γ

∂2T (l, t)

∂l2
, 0 < l <∞, t > 0,

−λ∂T (l, t)
∂l

= φ(t), l = 0, t > 0, (2.1)

T (l, t) = 0, 0 ≤ l <∞, t = 0.

Èñïîëüçóÿ ïðåîáðàçîâàíèå Ëàïëàñà, ïðèâåäåì óðàâíåíèå ê îáûêíîâåííîìó äèôôåðåí-
öèàëüíîìó óðàâíåíèþ

∂2T (l, s)

∂l2
− s

γ
T (l, s) = 0, (2.2)

T (l, s) = L {T (l, s)} . (2.3)

Ðåøåíèå ýòîãî óðàâíåíèÿ áóäåò èìåòü âèä

T (l, s) = K1(s)e
−l
√

s
γ +K2(s)e

l
√

s
γ .

Ïåðåäàòî÷íàÿ ôóíêöèÿ ïðè íóëåâûõ ãðàíè÷íûõ óñëîâèÿõ ïåðåäàòî÷íàÿ ôóíêöèÿ ìî-
æåò áûòü çàïèñàíà â âèäå

W (l, s) =
T (l, s)

φ(s)
=

√
γ

λ
√
s
e
−l
√

s
γ . (2.4)

Ââåäåì çàìåíó ïåðåìåííîé u = l
√

s
α
. Èñïîëüçóÿ àïïðîêñèìàöèþ Ïàäå ïîðÿäêà Ð

e−u ≈
∑P

k=0
(2P−k)!
k!(P−k)!

(−u)k∑P
k=0

(2P−k)!
k!(P−k)!

uk
. (2.5)
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Ïîäñòàâëÿÿ (2.5) â (2.4), ïîëó÷èì

W (l, s) ≈ HP (s) =

√
γ

λ
√
s

∑P
k=0

(2P−k)!
k!(P−k)!

(−l
√

s
γ
)k∑P

k=0
(2P−k)!
k!(P−k)!

(l
√

s
γ
)k

. (2.6)

Òàêèì îáðàçîì, ïåðåäàòî÷íàÿ ôóíêöèÿ óðàâíåíèÿ òåïëîïðîâîäíîñòè, áóäåò ñîäåðæàòü
ñëàãàåìûå ñî ñòåïåíÿìè, êðàòíûìè

√
s . Òàêàÿ ïåðåäàòî÷íàÿ ôóíêöèÿ ñîîòâåòñòâóåò äèô-

ôåðåíöèàëüíîìó óðàâíåíèþ ñ ïðîèçâîäíûìè ñ ïðîèçâîäíûìè äðîáíûõ ïîðÿäêîâ, ò.ê.√
s→ d0.5

dt0.5
.

Ó÷èòûâàÿ, ÷òî ðåàëüíûé ïðîöåññ áóäåò èìåòü ïîòåðè, è, êðîìå òîãî, íåîäíîðîäíîñòü
ñðåäû, â îáùåì âèäå óðàâíåíèÿ òåïëîîáìåíà ìîãóò çàïèñàíû ÷åðåç óðàâíåíèÿ äðîáíûõ
ïîðÿäêîâ [5]. Ïðè àïïðîêñèìàöèè ðåøåíèé äàííûõ óðàâíåíèé ìîãóò âîçíèêàòü ñòåïåíè,
íå êðàòíûå

√
s .

Ó÷èòûâàÿ, ÷òî èíôîðìàöèÿ îá îáúåêòå óïðàâëåíèÿ ïîñòóïàåò â äèñêðåòíîì âèäå ñ ÷à-
ñòîòîé äèñêðåòèçàöèè 1 ñ, öåëåñîîáðàçíî ïðîâîäèòü èäåíòèôèêàöèþ íà îñíîâå äèñêðåòíûõ
ìîäåëåé âî âðåìåííîé îáëàñòè.

3. Ïàðàìåòðè÷åñêàÿ èäåíòèôèêàöèÿ ïðîöåññà ðàçîãðåâà ýêñòðó-
äåðà

Â îáùåì âèäå ìîäåëü ïðîöåññà íàãðåâà èìåëà ñëåäóþùèé âèä

zi =
r∑

m=1

b
(m)
0 ∆αmzi−1 +

r1∑
m=1

a
(m)
0 ∆βmxi−d, yi = zi + ξi, (3.1)

ãäå α1 . . . < αr, β1 . . . < βr1 , Γ(α) =
∫∞
0
e−ttα−1dt ,

∆αmzi =
∑i

j=0(−1)j
(
αm

j

)
zi−j,∆

βmxi =
∑i

j=0(−1)j
(
βm
j

)
xi−j,(

αm

j

)
= Γ(αm+1)

Γ(j+1)Γ(αm−j+1)
,

(
βm
j

)
= Γ(βm+1)

Γ(j+1)Γ(βm−j+1)
,

yi � èçìåðåííîå çíà÷åíèå òåìïåðàòóðû;
xi � âõîäíàÿ ïåðåìåííàÿ, ïðåäñòàâëåííàÿ â âèäå ôóíêöèè Õåâèñàéäà;
ξi � ïîìåõà íàáëþäåíèÿ.

Îöåíêè ïàðàìåòðîâ îïðåäåëÿëèñü èç óñëîâèÿ ìèíèìóìà êðèòåðèÿ [6,7]

min
θ∈B̃

N∑
i=1

(
yi − ϕT

i θ
)2

1 + bTHαb
, (3.2)

ϕi =
( (

ϕ
(i)
y

)T (
ϕ
(i)
x

)T )T
, ϕ(i)

y =

(
i∑

j=0

(−1)j
(
α1

j

)
yi−j−1, . . . ,

i∑
j=0

(−1)j
(
αr

j

)
yi−j−1

)T

,

ϕ(i)
x =

(
i∑

j=0

(−1)j
(
β1
j

)
xi−j, . . . ,

i∑
j=0

(−1)j
(
βr1
j

)
xi−j

)T

,

θ =
(
bT aT

)T
, b =

(
b(1), . . . , b(r)

)T
, a =

(
a(0), . . . , a(r1)

)T
,
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Hα =

 h
(11)
α . . . h

(r1)
α

...
. . .

...

h
(1r)
α . . . h

(rr)
α

 , h
(mn)
α = lim

N→∞
1
N

∑N−1
j=0

(
αm

j

)(
αn

j

)
N−j
N
.

Â îáùåì ñëó÷àå âû÷èñëåíèå îöåíîê ÿâëÿåòñÿ çàäà÷åé ìèíèìèçàöèè îòíîøåíèÿ äâóõ
êâàäðàòè÷íûõ ôîðì. Â [8] ïðåäëîæåí äâóõýòàïíûé èòåðàöèîííûé àëãîðèòì, ïîçâîëÿþùèé
íàõîäèòü ìèíèìóì (3.2), ðåøàÿ òîëüêî ñèñòåìû ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé.

Øàã 0. λ̂′ (0) = 0 .

Øàã 1. λ̂′ (i) =
(λmin+λ̂′(i−1))

2
, λmin îïðåäåëÿåòñÿ èç

det
(
ΦT

yΦy − ΦT
yΦx

(
ΦT

xΦx

)−1 (
ΦT

yΦx

)T − λHα (N)
)
= 0.

Øàã 2. Âû÷èñëèòü b̂
(
N, λ̂′ (i)

)
, â
(
N, λ̂′ (i)

)
, èç ñèñòåìû óðàâíåíèé b̂

(
N, λ̂

)
â
(
N, λ̂

)  =

(
ΦT

yΦy − λ̂Hα(N) ΦT
yΦx

ΦT
xΦy ΦT

xΦx

)−1(
ΦT

y Y

ΦT
xY

)
. (3.3)

ãäå Y = (y1, ..., yN)
T , Φ =

(
Φy Φx

)
=


(
ϕ
(0)
y

)T (
ϕ
(0)
x

)T
...

...(
ϕ
(N−1)
y

)T (
ϕ
(N−1)
x

)T
 .

Øàã 3. Ïðîâåðèòü óñëîâèå VN
(
λ̂′ (i)

)
≤ 0 .

VN (λ) = Y TY − λ̂′ (i)−
(
ΦT

y Y b̂
(
N, λ̂ (i)

)
+ ΦT

xY â
(
N, λ̂ (i)

))
,

òîãäà, åñëè óðàâíåíèå VN

(
λ̂′ (i)

)
= 0 èìååò êîðåíü λ̂′1 (N) ∈ [0, λmin (N)) , òî ïîñëåäî-

âàòåëüíîñòü λ̂′ (0) , λ̂′ (1) , . . . , λ̂ (0) � êîíå÷íà è λ (0) ∈
[
λ̂′1 (N) , λmin (N)

)
, â ïðîòèâíîì

ñëó÷àå ïîñëåäîâàòåëüíîñòü áåñêîíå÷íà.
Ýòîò àëãîðèòì ïîçâîëÿåò îïðåäåëèòü íà÷àëüíîå ïðèáëèæåíèå λ̂ (0) , íåîáõîäèìîå äëÿ

äàëüíåéøåãî ïðèìåíåíèÿ ìåòîäà Íüþòîíà èëè îïðåäåëèòü, ÷òî êîðåíü λ̂′1 (N) íå ñóùå-
ñòâóåò.

Ïóñòü ñóùåñòâóþò λ̂ (0) ∈
[
λ̂′1 (N) , λmin (N)

)
, òîãäà lim

i→∞
λ̂ (i) = λ̂′1 (N) ,

lim
i→∞

b̂
(
N, λ̂′ (i)

)
= b̂ (N) , lim

i→∞
â
(
i, λ̂′ (i)

)
= â (N) , ãäå λ̂ (i) , b̂

(
i, λ̂ (i)

)
è â

(
i, λ̂ (i)

)
îïðå-

äåëÿåòñÿ ñîâìåñòíî ñî ñëåäóþùèì àëãîðèòìîì.

Øàã 1. Âû÷èñëèòü b̂
(
N, λ̂′ (i)

)
, â
(
N, λ̂′ (i)

)
, èç ñèñòåìû óðàâíåíèé (3.3).

Øàã 2. Âû÷èñëèòü

λ̂ (i+ 1) =

(
1 +

[
b̂
(
N, λ̂ (i)

)]T
Hα(N)b̂

(
N, λ̂ (i)

))−1

×

×
(
Y TY + λ̂ (i)

([
b̂
(
N, λ̂ (i)

)]T
Hα(N)b̂

(
N, λ̂ (i)

))
−
(

ΦT
y Y

ΦT
xY

) b̂
(
N, λ̂′ (i)

)
â
(
N, λ̂′ (i)

)  .

Øàã 3. Ïåðåéòè ê øàãó 1.
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Ïðîöåññ âû÷èñëåíèÿ çàêàí÷èâàåòñÿ, åñëè âûïîëíÿåòñÿ óñëîâèå∥∥∥VN (λ̂ (i+ 1)
)
− VN

(
λ̂ (i)

)∥∥∥∥∥∥VN (λ̂ (i+ 1)
)∥∥∥ ≤ δ,

ãäå δ � àïðèîðíî çàäàííàÿ òî÷íîñòü îöåíîê.
Ýòî óòâåðæäåíèå íåïîñðåäñòâåííî âûòåêàåò èç ìåòîäà Íüþòîíà

λ̂ (i+ 1) = λ̂ (i)−
VN

(
λ̂ (i)

)
V̇N

(
λ̂ (i)

) .
4. Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé

Èñïûòàíèÿ ïðîâîäèëèñü íà ýêñòðóäåðå ESE 1-35-27. Ýêñòðóäåð èìååò 3 çîíû íàãðåâà.
Ìîùíîñòü êàæäîãî íàãðåâàòåëÿ 0.5 êÂò. Ïîãðåøíîñòü èçìåðåíèÿ òåìïðàòóðû ± 1 ◦C.
Ñõåìà ðàñïîëîæåíèÿ çîí íàãðåâà ïðåäñòàâëåíà íà ðèñóíêå 4.1.

Ýêñïåðèìåíòàëüíî áûëè ïîëó÷åíû ïåðåõîäíûå õàðàêòåðèñòèêè äëÿ íàãðåâà êàæäîé èç
òðåõ çîí ïðè âêëþ÷åíèè ñîîòâåòñòâóþùåãî íàãðåâàòåëÿ.

Èäåíòèôèêàöèÿ ïðîâîäèëàñü íà îñíîâå àëãîðèòìà, îïèñàííîãî â ïðåäûäóùåì ðàçäåëå
(ìîäåëü âûõîäíîé îøèáêè äðîáíîãî ïîðÿäêà), à òàêæå èñïîëüçîâàëîñü ðàñøèðåíèå Matlab,
Identi�cation toolbox, â êîòîðîì ðåàëèçîâàíà èäåíòèôèêàöèÿ ïàðàìåòðîâ ìîäåëåé âûõîä-
íîé îøèáêè (output error) è ARX (autoregressive with exogenous input) äëÿ ìîäåëåé öåëîãî
ïîðÿäêà. Äëÿ âñåõ òðåõ ìîäåëåé âðåìÿ çàïàçäûâàíèÿ îïðåäåëÿëîñü ïî ãðàôèêàì.

Ð è ñ ó í î ê 4.1

Ñõåìà ðàñïîëîæåíèÿ çîí â ýêñòðóäåðå

Ìîäåëè äëÿ òðåõ çîí íàãðåâà ïðèâåäåíû â òàáëèöå 1. Ñòîèò îòìåòèòü, ÷òî ïðè âîç-
ðàñòàíèè ïîðÿäêà öåëî÷èñëåííûõ ìîäåëåé, êîâàðèàöèîííàÿ ìàòðèöà ñòàíîâèëàñü ïëîõî
îáóñëîâëåííîé è òî÷íîñòü ìîäåëèðîâàíèÿ óõóäøàëàñü.

Ãðàôèêè àáñîëþòíûõ ïîãðåøíîñòåé äëÿ òðåõ çîí ïðåäñòàâëåíû íèæå.
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Òàáëèöà 1: Âèäû ýêñïåðèìåíòàëüíûõ ìîäåëåé
� ARX öåëîãî ïî-

ðÿäêà
OE öåëîãî ïîðÿäêà OE äðîáíîãî ïî-

ðÿäêà
1 zi = 0.9989zi−1 +

+0.1751xi−31

zi = 0.9989zi−1 + 0.1749xi−31 zi = 0.9903zi−1 +
+0.1014∆−0.55xi−31,

2 zi = 0.9992zi−1 +
+0.1531xi−38

zi = 0.9992zi−1 + 0.1492xi−38 zi = 0.9706zi−1 +
+0.0602∆−0.55xi−36,

3 zi = 0.9989zi−1 +
+0.5857xi−31

zi = 1.966zi−1 − 0.966zi−2+
+1.48xi−31 − 3.03xi−32 + 1.56xi−33

zi = 0.9798zi−1 +
+0.1366∆−0.5xi−40,
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Ð è ñ ó í î ê 4.2

Ãðàôèê àáñîëþòíîé ïîãðåøíîñòè äëÿ ïåðâîé çîíû íàãðåâà. 1. OE ìîäåëü äðîáíîãî ïîðÿäêà,

2. ARX ìîäåëü öåëîãî ïîðÿäêà, 3. OE-ìîäåëü öåëîãî ïîðÿäêà
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Ð è ñ ó í î ê 4.3

Ãðàôèê àáñîëþòíîé ïîãðåøíîñòè äëÿ âòîðîé çîíû íàãðåâà. 1. OE ìîäåëü äðîáíîãî ïîðÿäêà,

2. ARX ìîäåëü öåëîãî ïîðÿäêà, 3. OE-ìîäåëü öåëîãî ïîðÿäêà
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Ð è ñ ó í î ê 4.4

Ãðàôèê àáñîëþòíîé ïîãðåøíîñòè äëÿ òðåòüåé çîíû íàãðåâà. 1. OE ìîäåëü äðîáíîãî ïîðÿäêà,

2. ARX ìîäåëü öåëîãî ïîðÿäêà, 3. OE-ìîäåëü öåëîãî ïîðÿäêà

Èç ïðåäñòàâëåííûõ ãðàôèêîâ âèäíî, ÷òî ìîäåëè íà îñíîâå óðàâíåíèé ñ ðàçíîñòÿìè
äðîáíîãî ïîðÿäêà òî÷íåå èçâåñòíûõ äèñêðåòíûõ ARX è OE ìîäåëåé. Äëÿ âñåõ òðåõ çîí
ïîãðåøíîñòü ìîäåëåé íå ïðåâûøàëà 2 ◦C.

5. Çàêëþ÷åíèå

Ïðîâåäåííûå ýêñïåðèìåíòû ïîêàçàëè, ÷òî ìîäåëè íà îñíîâå óðàâíåíèé ñ ðàçíîñòÿìè
äðîáíîãî ïîðÿäêà îáëàäàþò áîëåå âûñîêîé òî÷íîñòüþ. Ïðåäëîæåííûå â ñòàòüå ìîäåëè è
àëãîðèòìû äëÿ èäåíòèôêàöèè ðàçîãðåâà ýêñòðóçèè ïîëèìåðîâ ìîãóò ïîñëóæèòü îñíîâîé
äëÿ ñîçäàíèÿ íîâûõ âûñîêîýôôåêòèâíûõ ñèñòåì óïðàâëåíèÿ. Äàëüíåéøèì íàïðàâëåíèåì
ðàáîòû ÿâëÿåòñÿ ïîñòðîåíèå åäèíîé ìîäåëè, ó÷èòûâàþùåé âçàèìíîå âëèÿíèå çîí ðàçî-
ãðåâà, íà îñíîâå àëãîðèòìîâ, ïîçâîëÿþùèõ îñóùåñòâëÿòü ñòðóêòóðíî ïàðàìåòðè÷åñêóþ
èäåíòèôèêàöèþ.
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Abstract. The paper shows that an object with an irrational transfer function can be
approximated by equations with fractional-order di�erences. A mathematical model of the plastic
engine molding heating model in the form of a linear equation with fractional-order di�erences
is proposed. This model was compared with models of output error and ARX (autoregressive
with exogenous input) models of integer order. Identi�cation algorithms of these models are
implemented in the Identi�cation toolboxMatlab extension. The experiments carried out showed
that models based on equations with fractional-order di�erences have higher accuracy. The models
and algorithms proposed in the paper for identifying the heating of engine molding machine can
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