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Abstract. The article is devoted to the urgent problem of ensuring accurate and stable temperature
conditions in conveyor-type tunnel furnaces, widely used in various industries for continuous heat
treatment of materials. The efficiency and quality of processing directly depend on maintaining the
temperature in each zone of the furnace within the specified limits. Deviations from the set parameters
lead to a deterioration in the quality of the final product, an increase in the percentage of defects and
inefficient consumption of energy resources. In this regard, the development and implementation of
effective automatic temperature control systems is an important and urgent task to increase productivity
and reduce production costs. Existing automatic temperature control systems are often based on classical
proportional-integral-differential (PID) controllers with fixed parameters. However, such systems do not
always provide optimal control in the dynamically changing conditions of the production process and
under the influence of external disturbances, such as fluctuations in mains voltage, changes in conveyor
speed or fluctuations in ambient temperature. This leads to a decrease in the efficiency of the furnace
and instability of the temperature regime. The presented article proposes an approach to the development
of an automatic temperature control system for a conveyor-type tunnel furnace based on the use of PID
controllers with adaptive parameter setting. The adjustment of the controller parameters allows the
system to automatically adjust to the changing operating conditions of the furnace and compensate for
the influence of external disturbances, providing more stable and accurate temperature control. The
proposed approach is designed to solve the problem of inefficiency of traditional PID controllers with
fixed parameters.
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Annomauyus. Cmamovsi noceésujena aKkmyaibHol npodieme obecneyenus mouHo20 U CmaduibHO20
MeMNepamypHoO20 PedCUMA 6 MYHHEIbHbIX Neuax KOMBEUEepHO2O0 MUNA, WUPOKO UCHOTb3VeMbIX 6
PA3TUYHBIX OMPACTAX NPOMBUULEHHOCMU OJisl HenpepulgHOl MepMUYecKol 00pabomKu Mamepuanos.
Dpdhexmusnocmv u xauecmeo 0OPAbOMKU HANPAMYIO 3A6UCAM OM NOOOEPICAHUS MEMNePamypsl 6
Kad#cooll 30He neyu 8 3a0amubix npeoenax. OMKIOHeHUs Om 3A0AHHBIX NAPAMEMPO8 NPUBOOAM K
VXYOULeHUIO KAYeCea KOHEYHOU NPOOYKYUU, VEeIUdeHUul0 npoyeHma Opaka u HedphexmusHomy
Pacxo0o8anuio sHepeopecypcos. B ceazu ¢ smum, pazpabomxa u eHeOpeHue 3phexmusHbix cucmem
ABMOMAMUUECKO20 Pe2YIUPOBAHUS MeMNepamypvl AGNAEMCs AJXCHOU U AKMYyalbHOU 3adaueli Ol
HOBbIUEHUSL  NPOU3BOOUMENbHOCIU U CHUMICeHUsT u30epoicek Ha npouzeoocmee. Cyuecmeyroujue
cucmembvl a8MOMaAMU4ecKo20 pecyiupo8anus memMnepamyp 3auacmyio 0CHOBbIBAIOMCA HA KIACCUYECKUX
NPONOPYUOHATILHO-UHMeSPATbHO-Ouppepenyuanvuvix  (IIH]])  peeyismopax ¢ @ukcupo8arHHbiMu
napamempamu. OOHaxo, maxue cucmemvl He 6ce20d 00ecneuugaronm OnmuMaibHOe YApAasleHue 8
OUHAMUYECKU USMEHSIOWUXCS YCIIOBUSIX NPOU3BOOCTHBEHHO20 NPOYeccd U Noo 6030elcmeuem GHeuHux
B03MYUjeHUU, MAKUX KaK KOAeOAHUS HANPSICEHUs 6 Cemu, UBMEHeHUsl CKOpOCmuU KoHgelepa uu
KOebaHus memnepamypsbl OKpyscaouell cpeovl. IOmo Npugooum K CHUNCEHUI0 3pdexmugHocmu
pabomvl neyu U HECMAOUILHOCU —MEeMNepamypHozo pedxcumd. B npedcmasnennoil cmamve
npeoaaeaemcs nooxoo0 K paspabomie CUCeMbl A8MOMAMUYECKO20 PecyIuposanus memnepamyp O
MYHHENIbHOU Nneyu KOHBEUEepHO20 Mund, OCHO8AHMbL Ha ucnoavzosanuu IIH/[-pecynamopog c
a0anmueHol HACMPOUKOU napamempos. Adanmayus napamempos pezyisimopa No360Jsem cucmeme
ABMOMAMUYECKU NOOCMPAUBAMBCS NOO USMEHAIOWUECS, YCA08UsL pabomvl neyu U KOMNEHCUPO8Amb
GIUSIHUE GHEUIHUX BO3MYWeEeHUl, obecneuusas 6onee cCMabuIbHbL U MOYHbIL KOHMPOIb MEMNEPAMYPLL.
Ilpeonacaemviii no0x00 npusean pewums npodremy Hedpdexmuenocmu mpaouyuonnvix ITIHJ]-
Pecyisimopos ¢ PUKCUPOBAHHBIMU NAPAMEMPAMU.

KnwueBble cioBa: aBTOMAaTHYECKOE pPETyJIMPOBAaHHE TEMIEPATyphbl, TYHHEIbHBIC IICYH,
KOHBEHEpHBI THI, CHCTEMa YIPaBICHUS, aJalTHBHBIC AJITOPUTMBI, JATYHKH TEMIIEPATypHl,
CTaOWIM3aIHS TETUIOBBIX PEKUMOB, HHTEIUICKTYaIbHBIC KOHTPOJLICPHI

Hna yumupoeanus: Hananxun M. FO., Hepwun H. M. Mamemamuueckoe mooenupogarue
cucmembvl a8MOMAMUECKo20 pecyiuposanus memMnepamypsbl myHHeIbHOU neyu KoHeelepnoeo muna //
Cospemennas Hayka u unnosayuu. 2025. Ne 2. C. 84-93. https://doi.org/10.37493/2307-910X.2025.2.8

Introduction. Tunnel conveyor-type furnaces are widely used in various industries for
continuous heat treatment of materials. The efficiency and quality of treatment directly depend
on the accuracy and stability of maintaining the set temperature in each zone of the furnace.
Deviations from the set parameters can lead to deterioration in product quality, increased defects
and inefficient use of energy. Therefore, the development and implementation of effective
automatic temperature control systems is an urgent task.

Existing systems are often based on classic PID controllers with fixed parameters, which
does not always provide optimal control under changing process parameters and external
disturbances. This paper proposes an approach to developing automatic temperature control
systems for a conveyor-type tunnel furnace based on the use of PID controllers with adaptive
parameter tuning, and also studies the effectiveness of the proposed system experimentally.

Materials and research methods. The difficulty of using automated systems also lies in
the fact that for decades, enterprises have been accumulating production experience and
empirical data. Successful use of information technology in crystal production requires the
development of new approaches and improvement of existing methods.

The technical device designed to maintain a given temperature range in a conveyor-type
tunnel furnace is an automatic regulator. To perform the assigned task, the regulator generates a
control action designed to compensate for the impact of disturbances on the operating mode of
the system [1].

Fig. 1 shows the diagram of the automatic temperature control system in a conveyor-type
tunnel kiln for firing bricks.
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Fig. 1. Automatic control system diagram: 1 - furnace; 2 - measuring bridge circuit; 3 - differential magnetic
amplifier; 4 - two-phase electric motor; 5 - gear reducer; 6 - valve; 7 - regulator.

In this system, the tunnel kiln is a control object whose controlled variable is temperature
0, and the regulating (control) action is the linear movement of the valve u, on the value of
which the amount of fuel supplied to the nozzle (the amount of heat) depends. The external
disturbing action f is a combination of various factors: the initial humidity, the temperature of the
fired brick, and changes in the temperature and humidity of the atmospheric air. When studying
the system, we can limit ourselves to taking into account the influence of the initial humidity of
the brick on the control object, considering it as the main disturbing action. The bridge circuit
compares the voltage U, proportional to the temperature in the conveyor-type tunnel kiln 6, with
the setting voltage Uy, i.e. in addition to the functions of the setting element (30), it performs the
functions of the comparing element (element). The unbalance voltage of the bridge circuit
AU(mismatch signal) is fed to the controller (P), the synthesis of which must be performed in
work [2]. The control action U is amplified by an amplifier (U), the output voltage of which
controls the actuator (M). The latter, through the reducer, moves the valve, i.e. changes the
control action y, at the input of the control object.

The dynamic properties of the control object and the elements of the automatic control
system are described by the following equations [10]:

To Z—z + 0 = kou — k4 f- object of regulation.
U = k,6- temperature sensor.
auy, : .
T, - T U, = k3U- magnetic amplifier.
AU = U, — U;- comparing organ.
T, ZT’; + Z—’: = k,U- actuator with gearbox and valve.

Here T,,T;,T,are the time constants, s; Ois the temperature value in the furnace,
°C; ko, kq, k5, k3, k,are the transmission coefficients; puis the linear displacement of the valve,
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cm; fis the disturbing effect on the control object; U;is the voltage drop across the thermistor, is
the B; Uyvoltage drop across the setting resistor R2, B; AUis the bridge circuit imbalance signal
(mismatch signal), B;U,is the voltage at the amplifier output, V [3]. The values of the
parameters of automatic temperature control system are given in Table 1. The output voltage of
the magnetic amplifier is limited to 200 V [3]. The set value of the temperature in a conveyor-
type tunnel furnace 950°Cis .

Table. Basic parameters of automatic temperature control system

°C °C B cM
c — | — - ¢ — | % ¢ % o
cM | % °C B-c 0 0 °

45 | 10 15 114 ]2 0.026 | 0.01 | 45 [ 0.06 | 0.5 | 30

According to the description of the system, the equation describing the control object has
the form:

do
TOE"'H = kou — ki f

Let's transform the equation by accepting % =p:(Top +1)0 = kou — k1 f

Then the proper operator has the form: Q(p) = Top + 1
Input action operator u: P;(p) = k,

Input action operator t: P,(p) = —k;

Then the input transfer function utakes the form:

P (p) ko
W = =
o) =96 T +1
and the transfer function for the disturbing effect:
P,(p) k
Wios (p) =2 = :

Q)  Top+1

According to the description of the system, the equation describing the magnetic amplifier
. dUy
1S: T1¥+ Uy = k3U

Let's transform the equation by accepting % =p:(Thip + DU, = k3U

Then the proper operator has the form: Q(p) = Typ + 1
Input action operator U: P(p) = k5
Then the input transfer function Utakes the form:

_P(P)_ ks
W ®) =50y = Tp + 1

According to the description of the system, the equation describing the actuator with a
gearbox and valve is [4]:

d*u du
TZF_FE_IQ}U

Let's transform the equation by accepting % = p:(Typ? + p)u = kU
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Then the proper operator has the form:Q(p) = T,p? +p
Input action operator U: P(p) = k,
Then the input transfer function Utakes the form:

_ P(p) o ky
W (P) = Q(p) Tp*+p

According to the description of the system, the equation describing the actuator with a
gearbox and valve is [13]:U = k, 60

Let's transform the equation by accepting % =p:U = k,0

Then the proper operator has the form:Q(p) = 1
Input action operator 8:P(p) = k,
Then the input transfer function Utakes the form:

P(p) k;
T B
Transfer function of the system for control action in open-loop form:
Wegp () = Wiy Wy Wes = okalts
uop P2 = Han o B8 = p + D (Typ? + p) (Top + 1)
koksk,

B TiToTop* + (TyTo + Ty T, + TiTo)p3 + (T, + To + T1)p? +p

In closed form:

Wu9
1% (p) -_ P
ufs 1- VVKOHT
VVKOHT (p) = _VVny VVJJBI/I W06 Wa = —Wa Wu@p
B kokyksks
TiToTop* + (ToTo + Ty T, + TiTo)p3 + (T, + Ty + T1)p? +p
W (p) = koksks
w0s\P) = T T 4 (TyTy + ToTy + ToTg)p® + (T + To + TODE + p + kokyksks
Transfer function of the system for the disturbance in open form [6; 11]:
ky
W, =W 3 =—
fop () 003 Top + 1
In closed form:
Wro ()
fbp
W, =
165 (p) 1- VVKOHT (p)
VVKOHT (p) = _WMI/I VVIIBI/IG W06 Wa = —Wa WI/I Op
_ kokyksk,
Ty T,Top* + (ToTy + T1 Ty + T1To)p3 + (T, + Ty + T)p? +p
ki(T;Top® + (T, + T)p? + p)
Wro,(p) =

Ty T,Top* + (TyTy + TyTy + TyTo)p3 + (Ty + Ty + T2 + p + kokyksk,

Let us try to thin out the values of the amplifier coefficient. In the case where there are
variable parameters, the roots of the characteristic equation of the system depend on these
parameters, and the parameter space can be divided into regions that correspond to a fixed
number of left roots.
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Therefore, to determine the dependence of the system’s stability on the values of this
parameter, we will use the D-partition method [6; 11].
The equation of a closed system without a controller is:

koksk,
W. =
w6, (P) T,T,Top* + (To,Ty + Ty T, + Ty To)p3 + (T, + Ty + T1)p? + p + kokyksk,

Let us designate the amplifier coefficient ( k3) as pand substitute the coefficients from
Table 1 into the transfer function for the control action:

0,1u
W =
w6, (P) 0,00702p* + 0,38856p3 + 4,586p2 + p + 0,14u

Let us compose the characteristic polynomial of the closed system:
Q(A) = 0,007024* + 0,3885643 + 4,5861% + 1 + 0,24u

Due to the fact that the roots pass from one half-plane to another through the imaginary
axis, the equation of the D-partition curve is obtained from the characteristic equation Q (1) =
Oby substituting into it A = iw:

Q(iw) = 0,00702(iw)* + 0,38856(iw)3 + 4,586 (iw)? + (iw) + 0,24u =0

Resolving this equation with respect to the complex parameter:
g=u+ip
we get:
u=—03w*+19,11041667w?
' =1,679416667 w3 — 4,166666667w

the system is stable at u(0; +o0). Having adopted the gain coefficient u = 5, we will
conduct a stability analysis using the Hurwitz criterion [ 5; 7 |:
Q(1) =0,007022* + 0,38856A° + 4,586A% + 1 + 1,2

Since all coefficients ( ay = 0,0702,a, = 0.38856,a, = 4,586,a; = 1,a, = 1,2) are
positive, the necessary stability condition is satisfied [14 ]. In accordance with condition [8], it is
sufficient to calculate the determinant Aj:

a, az3 0 0,38856 1 0
A; =|ay a, auf=|0,0702 4,586 1,2| =1,530561512 >0
0 a; as 0 0,38856 1

Therefore, the closed system is stable. Now we will perform a stability analysis with the
coefficient u = —1:
Q(4) = 0,007022* + 0,388561° + 4,5864% + 1 — 0,24

Since the coefficient is a, < 0, the necessary condition for stability is not met, therefore,
with the coefficient 4 = —1the system is unstable. Thus, it is confirmed that the system is stable
with the values of the coefficient p(0; +00)[ 9; 13] .

Research results and their discussion. Calculation of regulator parameters

Transfer function of the system in closed form:

0,2

W, =
uP ~0,00702p* + 0,38856p3 + 4,586p2 + p

In order to solve the synthesis problem, namely, so that the overshoot does not exceed
30%and the error for both the control and the disturbing effects is equal to zero, it is necessary to
take as a normalized PF, a PF with third-order astaticism, since it must ensure our requirements.
The order of astaticism is 3, i.e. v = 3and our object contains one integrating link, i.e. vy = 1,
we obtain that the degree of astaticism will be equal to:

r=3-1=2
89



Modern Science and Innovations. 2025. No. 2

Let's take a denominator polynomial of the sixth degree.
Ge(q) = q° + 36q° + 251q* + 485¢> + 251q* + 26q + 1

The desired function takes the form:
Wh(q) =

1
q® + 36q° + 251q* + 485q3 + 251q9% + 26q + 1

The numerator and denominator of the transfer function of the object are factorized:
P(s) P~ (s)P™(s)

"or®) ks TR ORT)

Polynomials with left zeros:
P~(s) =1,R (s) = 0,00702s3 + 0,38856s% + 4,586s + 1

Polynomials with right and neutral zeros:
P*(s) =0,2,R*(s) =s

The degrees of all polynomials are equal:
ng = 6,n,- = O,np+ =0,ng- =3,nz+ =1

The solvability conditions take the form:
neg<ny+ny+1 6<ny+3+1 Ny = 2
Ng =Ng++ny+r7 {6=1+nM+2 {nN=3
Ng-+ny <ny,-+ny+r3+ny, <0+3+2n, <2

These conditions are satisfied by ny = 3, ny, = 2, respectively:
N(s) = aps® + a;s? + ays + a3, M(s) = bys? + bys + b,

When these polynomials are substituted into the polynomial equation, it takes the form:
0,2(bys? + bys + by) + s3(aps® + a;s? + ays + az)
= q%+ 36q° + 251q* + 485¢% + 251¢® + 26q + 1

By equating the coefficients of the same powers, we obtain:
ag = 1,by = 1255,
a; = 36,b; = 130,
a, = 251,b, = 5.
a; = 485,

From here:
N(s) = s3 + 3652 + 251s + 485, M(s) = 125552 + 130s + 5

R™(s)M(s)

Substituting these polynomials, as well as P~ (s)and R™(s)into W,(s) = P NG

obtain the transfer function of the controller:

8,81010s> + 488,55540s* + 5805,97790s3 + 1853,12280s2 + 152,930s

w. =
»(s) S5 + 365% + 25153 + 48552

Transient process graph based on calculations:
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Fig. 3. Control action = 950, disturbance action 45

Fig. 4. Control action = 700, disturbance = 30

Conclusion. Analyzing the results of modeling a closed system in various modes, we can
say that the speed and position errors are zero, the overshoot does not exceed 30%. The
controller we synthesized meets the requirements imposed on it.

The proposed approach, based on PID controllers with adaptive parameter tuning, allows
for changing process conditions and external disturbances to be taken into account, which can
significantly improve temperature stability and reduce the percentage of defects. Further research
and experimental testing of the proposed system on real production lines will confirm its
effectiveness and determine the optimal parameters for various types of materials and
technological processes. Successful integration of such systems requires taking into account
accumulated production experience and developing new methods, which will allow for the full
realization of the potential of information technology in production [12].
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