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Abstract. To improve the efficiency of multi-flow tube furnaces, a multi-parameter advanced
cohesive control system is proposed. Stabilization of the main technological parameter, i.e. the
resulting temperature of the output material flow, is carried out by supervisory control of flow
rates on the inlet coils, taking into account the existing limitation on the loading of the apparatus,
while meeting the requirement of a uniform temperature profile. To create an optimal combustion
mode, an additional circuit for regulating the discharge in the radiant chamber of the furnace on
the line of atmospheric air supply to the burner registers according to the residual oxygen content
in the flue gases is introduced. In the developed simulation model of the control system the
possibility of shockless transition between the basic, as in production, and advanced variants of the
control system is realized. Transfer functions of the multilink control object, as well as the tuning
parameters of the regulators on individual channels are obtained by the built-in tools of Matlab
Simulink. Computational experiments on the model showed high speed and control accuracy.
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Annotauus. g noBbilieHUs 3G @EKTUBHOCTU pabOTHl MHOTOMOTOYHBIX TPYOUYaThIX Meveit
MpeaioXkeHa MHOTomapaMeTpuiecKas YCOBEPIIEHCTBOBAHHASI CUCTEMA CBSI3HOTO YIPAaBJIEHUS.
Crabwin3zaiiuss OCHOBHOTO TEXHOJOTMYECKOTO TapaMeTrpa — pPe3yJbTUPYIOLIEH TeMIepaTypbl
BBIXOTHOTO MAaT€PUAJIbHOTO ITOTOKA, OCYIIECTBIISIETCS IIyTEM CYIIEPBU30PHOTO YIIPABICHUS pac-
XOJaMM Ha BXOJHBIX 3MEEBMKaX C YUYETOM MMEIOIIETOCs OrpaHUYEHUs] Ha 3arpy3Ky arnrmapara,
MPU BBIMOJHEHUU TPeOOBaHUSI PaBHOMEPHOTrO TeMIiepaTypHoro npodwis. s co3naHus or-
TUMAJIBHOTO PEXKMMa FOPEHUSI BBEIEH MOMOJHUTEIbHBI KOHTYP PErYJIUPOBAHUS Pa3PSIKEHUS
B paIMaHTHOW KaMepe Me4yu Ha JUHUU MoAayu aTMOC(EpHOro BO3ayXa K PEerucTpam ropesiok
1O COIEP>KaHUIO0 OCTATOYHOTO KUCIOPO/ia B ILIMOBBIX ra3ax. B pazpaboTaHHON MMUTAIIMOHHON
MOJIEJIA CUCTEMBI YIIPABJIEHUS PealM30BaHa BO3MOXHOCTb 0€3yJapHOTO Iepexona Mexay 6a3o-
BBIM, KaK Ha MTPOU3BONCTBE, U YCOBEPILIEHCTBOBAHHBIM BapuaHTaMmu. [lepenarounbie pyHKIMU
MHOTOCBSI3HOTO OOBEKTa YIpaBICHUSI, a TAKXKe MTapaMeTpbl HACTPOWKM PETYJISITOPOB IO OTIEIb-
HBIM KaHajaM MOJIy4eHbl BCTPOEHHBIMU MHCTpyMeHTamu Matlab Simulink. BeruuciaurenbHbie
SKCIIEPUMEHTHI Ha MOJEU MOKA3aJIU BBICOKOE OBICTPOJAEUCTBUE U TOUHOCTb PETYJIMPOBAHUS.

KiitoueBble cioBa: MHOTOIOTOYHAS MeYb, CUCTEMA CBSI3HOTO YNPABJICHUS, UMUTAIMOHHAST MO-
nieJib, TemIepaTypHblil mpoduns, KIT/I

Jlna mutupoBanusa: Gebel E.S. Approaches and principles for advanced control of multi-flow tube
furnace // Computing, Telecommunications and Control. 2024. T. 17, Ne 2. C. 52—61. DOI:
10.18721/JCSTCS.17205

Introduction

Tube furnaces are the main apparatuses providing thermal regime of technological processes in oil
refining and petrochemical industries. Multi-flow tube furnaces are a component of various plants of
high-temperature thermos-technological and chemical processes, such as devices for distillation of oil
or fuel oil, pyrolysis, catalytic cracking, reforming, hydrotreating, realize heating, evaporation and su-
perheating of liquid and gaseous media [1, 2]. Increasing the efficiency of such apparatuses allows to
minimize its consumption, hence, reduces the amount of harmful carbon dioxide emissions into the
atmosphere [3, 4]. Implementation of high-tech solutions of industrial automation at the considered
apparatus is aimed at optimizing fuel consumption for processing a ton of oil.

A typical control scheme for thermal objects involves regulating the common flow temperature at the
furnace output by varying the fuel gas pressure. In production, under the given limitation of the device
load, the operator manually sets the same settings for the flow controllers on each coil. As a result, the
temperature profile of the output streams is non-uniform, which leads to a decrease in efficiency [2, 4].
The proposed scheme of advanced process control of temperature deviation at the output of the tube
furnace coils by the flow rate of the input streams, taking into account the limitation of the apparatus
loading will allow the operator to quickly change the value of the flow rate settings and provide a uni-
form temperature profile (Fig. 1, a).
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Fig. 1. General structure of control schemes:
a) furnace temperature profile, b) residual oxygen concentration in flue gas
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Fig. 2. Simulation model of the control object

Another way to increase the efficiency of the plant is the use of oxygen correction in the flue gases
(Fig. 1, b). At furnace load of 50% and higher, the oxygen concentration in the flue gases should be
from 3% to 4%, which corresponds to the required amount of excess air in the burner for complete
combustion of fuel [2, 5]. It has been noted that excess air in flue gases is observed in almost all furnac-
es operating for more than 15—20 years [1, 2, 6, 7]. This may be caused by improper operation of the
burner register or non-tightness of the construction. The maximum efficiency of apparatus is achieved
at such excess air, when losses caused by incomplete combustion and heat carried away by flue gases are
minimized [2, 6]. Stabilization of oxygen in the flue gases (Fig. 1b) will provide optimal rarefaction in
the radiant chamber of the tube furnace, and, consequently, will increase the efficiency.

Thus, it seems relevant to develop approaches and principles for advanced control of a multi-flow
tube furnace to improve the efficiency of the plant.

Simulation model of the control object

Elements of the simulation model of the technological object (Fig. 2) are united into blocks “Basic
control model”, “Switching algorithm” and “Furnace model” by functional feature.
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The subsystem “Algorithm of switching” (Fig. 2) contains three switches to set the operation modes
of the control system. The high level of the ControllerStatus logic signal satisfies the choice of the ad-
vanced variant of the control system. The FlowOut load is used either as a limitation or to calculate
vector elements in the “Basic control model” block representing the settings of the flow rate regulators
on the furnace input flows.

The subsystem “Furnace Model” describes the dynamics of the channels “temperature deviation
— input flow rate”. The mathematical model of the technological apparatus depends on the research
objectives and complexity of the object under consideration and is formed either on the laws of physics,
chemistry, heat engineering and other fundamental sciences [8, 9], or on statistical methods or machine
learning methods [10—13]. “Lifetime” of the simulation model is limited due to the instability of phys-
ical and chemical parameters of input streams and random impact of the environment, which leads to
continuous changes in technical characteristics, as a consequence, the parameters of the object [15,
16]. Taking into account the connectivity of control channels and variation of parameters of the studied
technological object, the mathematical model represents a matrix in the following form:

Wa(s) Wols) - W, (s)
()= ) ) 0
W) Wo(s) o W, (5)

Each element in formula (1) describes the effect of the i-th input (flow rate on the i-th flow) on the
Jj-th output (temperature deviations from the set resultant value on the j-th coil) signal. The parameters
i andj vary from 1 to n, where 7 is the number of coils in the design of multi-flow furnace.

Further in the work the object is considered as linear, thus, the expression for the j-th output flow is:

W, (s)=W,, (s)+Wy(s)+...+ W, (s). (2)

The structure of transfer functions Wij (S) in the matrix (1) corresponds to the dynamic link of the
second order with delay. This is valid for the majority of technological objects [17—19]:

W (s)=——s—"L—"e ", 3

Parameter Kl.j is a transmission coefficient at the ij-th control channel. Time constants denotes as
T W T 23 and lag time is as T,

Identification of the parameters Kij, T 1 T 2 and T, in (3) from historical data of the technological
process from the plant is performed by various computational methods [12, 14, 17, 18] using the built-in
Matlab Simulink tools. It was found that the highest values of the transmission coefficient of about 0.8 have
the following control channels: W, (s), w,, (S), W (S); for the rest W, (s) (i# j) this parame-
ter varies within 0.1 [19]. The variation of parameters Kij, T i and T - caused by the action of various
internal and external factors, was taken into account by introducing additional elements Kr'r and T crin
the transfer function. Parameter 7 sets the permissible limits of variation. This is a random number with
a normal distribution law, varying within 0+1. Thus, in general, the transfer functions for the individual
control channels “flow rate — flow temperature deviation” have the following form:

(K, +K.r)

Wf(s):(r +Trr)s2+(7},+Trr)s+leij. *

2ij ij
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Fig. 3. Structure of subsystem “Furnace model”

Coefficients K , T calculated based on the accumulated experience of safe and accident-free oper-
ation of the plant.

The subsystem “Furnace Model” (Fig. 3) contains groups of elements simulating the dynamics of
the flow sensors (block 1), additional outputs to monitor the fulfilment the limitation of the total unit
load (block 2), and individual control channels (block 3) in accordance with logic and structure of the
model (2), (4).

Advanced process control of a multi-flow tube furnace

The structure of the simulation model of the advanced process control of a multi-flow atmospheric
tube furnace develops based on the subsystem “Simulation model of the control object” (Fig. 2) and is
shown in Fig. 4.

The resulting temperature of the total flow sets in accordance with the requirements of the technol-
ogy and regulates in proportional to the ratio of fuel consumption and atmospheric air [1—3, 10]. Based
on the temperature data in the total flow at the output of the GenTemp furnace and the temperature
vector on individual coils TempVector obtained from the subsystem in Fig. 2, the average temperature
deviation dTmean is automatically corrected (Fig. 4). Classical control laws [21—23] were used, which,
in comparison with the intelligent control methods, have higher performance [9, 10, 15, 20]. Thus, a
PI controller applies in the external loop in the TempBlock subsystem (Fig. 4), the values of the tuning
coefficients PI_temp P and PI _temp I, as well as the width of the insensitivity zone dzTemp, were
calculated using the built-in Matlab Simulink tools. Additionally, protection against the integral over-
saturation was implemented in the TempAggrintegratorl block of the advanced control system.

The connected flow control loop on the inputs is represented in Fig. 4 by FlowBlock, the regulator is
realized as a PI controller with settings: PI_Flow_P, PI_Flow_I and dzFlow. The vector of logical vari-
ables FlowModeVector reflects the current structure of the tube furnace (number of operating threads).
Zero values of elements correspond to the flow shutdown, for example, for scheduled maintenance. The
input signal FlowErrorVector contains the settings either calculated in the external loop TempBlock or
set manually by the matrix in the “Basic control model” block (Fig. 2).

Setup of regulators in the internal FlowBlock and external TempBlock1 loops is performed using the
built-in Matlab Simulink tools according to the criterion of maximum robustness of the system. There is
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Fig. 4. Simulation model of the advanced process control of the multi-flow atmospheric tube furnace

a possibility to exclude some flows Block “Object Structure” (Fig. 4), which is in demand, for example,
during maintenance of automation equipment on a particular coil.

In addition, shockless switching between variants of the control system (Fig. 4) of a multi-flow tube
furnace implements due to equalizing the settings. Low level of the ControllerStatus logic signal returns
the system to the basic variant of control. Then, the current value of the total unit load, calculated in
the subsystem “Furnace Model” (Fig. 3, block 2) of the advanced system, is memorized. After that, the
settings of the flow controllers for each flow are calculated in the block Shockless Switching.

The setPointRate Limiter subsystem (Fig. 4) sets a limit on the rate of change of settings by the built-
in Matlab function. It generates an output signal equals to the difference between the current value of
flow rates and settings for individual flows in the advanced control system. The memory element elimi-
nates errors during the model simulation run. In addition, the absolute value (Saturation block) on the
upper or lower limits (flowSatU or flowSatL) of the settings is limited. Reaching these values activates
the reset aggravation function “Reset integral oversaturation” (Fig. 4).

The internal structure of the “O2 controller” subsystem is shown in Fig. 5. The concentration of
residual oxygen in the flue gases (O2 amount signal) has a long lag time. Therefore, a “gating” signal is
supplied to the “O2 Block” to stop the control process, when the output parameter reaches the Upper-
Bound or LowerBound values.

The maximum permissible values of the discharge in the radiant chamber of the tube furnace MV-
satU and MVsatL are the parameters of “O2 Block” regulator. This feature is critical for the considered
apparatus. Both the absolute value of the setting MeanErr and the rate of its increase RateLimit forms
in the “O2 Rate” block. The control actions on the gate valves in the atmospheric air supply line to the
burner registers are discrete signals.

Approbation of the advanced process control

The effectiveness of the proposed approaches and principles of the advanced process control of the
multi-flow tube furnace was evaluated by means of model tests, the results of which are presented in
Fig. 6. It was required to estimate the stability of the transient process for the basic and proposed control
systems, and to calculate the control quality indicators, in particular, performance and accuracy.

Transient graphs (Fig. 6, a), obtained when switching the control system from the basic to the ad-
vanced scheme at 2600 seconds, demonstrates the narrowing of the range of temperature variation of
individual streams and the establishment of the set value of the resulting temperature after 1400 seconds.
The flow rates of the input streams dynamically change, taking values within (89+91) m?/h, which is
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Fig. 6. Results of model tests of the control system:
a) when switching between variants of control systems, ) when perturbation is applied

allowed by the technological regulations. The furnace load volume for both control schemes remains
constant at 1080 m?/h.

The output signal of the model, when a temperature perturbation (1° increase compared to the cal-
culated one) arrives at the first coil at 2000 seconds, quickly reaches the set steady-state value, and the
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static error equals zero. The temperature deviation is compensated after 700 seconds (Fig. 6, b). Nu-
merical experiments performed on the simulation model of the system of advanced process control of
a multi-flow tube furnace allows to conclude that the performance results are satisfactory in terms of
control quality.

Conclusion

Improved efficiency of the multi-flow atmospheric furnace of the oil refining apparatus is achieved
by implementing the proposed approaches and principles of advanced process control. The uniform
temperature profile of the output flows indicates the optimality of combustion conditions in the radiant
chamber.

The mathematical model of control object dynamics developed taking into account connectivity and
random variation of technical parameters of control channels to improve its accuracy and “lifetime”.
Another advantage of the proposed approach is the scalability of the simulation model, which allows to
manually exclude part of the flows from the analysis. The change in the control object structure is com-
pensated by the random component in the transfer functions of each channel. This principle is especial-
ly demanded, when the object is operated in continuous production. The system of advanced process
control provides compensation of integral saturation of regulators, robustness to small fluctuations of
technical parameters of the control object, and realizes the “gating” mode on the channel of residual
oxygen in flue gases.

Thus, the implementation of the proposed approaches and principles of advanced process control
of the multi-flow tube furnace of oil refining apparatus will increase the coefficient of utilization of the
heat of combustion of fuel, decrease the volume of fuel consumed, as a consequence, reduce harmful
carbon dioxide emissions into the atmosphere.
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