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Introduction

S
table growing trend of demand for beneficiated ore 

raw materials in non-ferrous metallurgy stipulates 

the necessity of its quality increasing and lesse-

ning manufacturing costs [1]. Industrial processing of 

the complex heterogeneous ore mineral raw material re-

quires a preliminary thermal treatment. The beneficiated 

feedstock should meet the engineering requirements in a 

qualitative and quantitative sense, grain size distribution, 

have no moisture, contain minimum of carbonate inclu-

sions, vola tile gases, and useless impurities [2]. Besides, 

about half of the raw material of non-ferrous metallurgy 

is lost during extraction, transportation and preliminary 

processing of ore [3].

Permanent tendency towards deterioration of the ore 

raw material quality in the absence of the energy effi-

cient methods of its thermal pretreatment leads to dete-

rioration of performance characteristics of the thermal-

electric method of production of non-ferrous metals [4]. 

Thereupon, development of a theory and working out 

the technical and engineering solutions meant for im-

provement of the energy efficient roasting heat-techno-

logical systems (HTS) and processes (HTP) is the topical 

research and practical problem [5]. 

An ore-dressing in non-ferrous metallurgy is quite 

power-consuming process [6]. The electricity charges 

during pelletizing are, on the average, two times greater 

than that of a thermal energy. At this, electric energy is 

consumed by exhausters in order to form the heat carrier 

gas flow with required parameters, while thermal energy 

of firing provides an initial temperature of the heat carrier 

gas in HTS — a roasting conveyor machine [7].

The main pelletizing processes are drying, heating, 

hard firing, recuperation, cooling [8].

These processes are carried out in a roasting conveyor 

machine in the order named and differ by values of the 

follo wing control parameters on each stage of them (in 

every vacuum chamber): 

– the heat carrier gas temperature at the point of entry 

into a layer of pellets;

– the heat carrier gas temperature after moving through 

the different layers of pellets;

– rate of movement of the heat carrier gas.
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Target setting

Setting up an economic and mathematical problem 

of increasing the pelletizing energy efficiency is as fol-

lows. It is necessary to determine the values of control-

ling parameters with the purpose of minimization of 

electrical and thermal energy costs of pelletizing, taking 

into account technological, organizational and other 

limitations imposed on these processes:

S = sEE + sHH

E = FE (E1, …, Ek, ..., EK),

Ek = FEk (E1
k, ..., Ej

k, …, EJk

k ), k = 1, …, K,

H = FH (H1, …, Hk, …, HK), 

Hk = FHk (H1
k, …, Hj

k, …, HJk

k), k = 1, …, K,

      Tg
0

jk, Tgn
jk, Wg jk, j = 1, …, Jk, k = 1, …, K

S �����������������������������������������������������������������     min,

where S is total electrical and thermal energy cost; E and 

H are general costs of electrical and thermal energy, cor-

respondingly; sE and sH is the specific costs of electrical 

and thermal energy, correspondingly; Ek and Hk are elec-

trical and thermal energy costs for the k-th pelletizing 

process, respectively; FE is a relationship between the 

spendings on electrical energy for separate processes and 

general costs of that; FH is a relationship between the 

spendings on heat energy for separate processes and gen-

eral costs of that; Ej
k and Hj

k are electrical and thermal 

energy costs for the j-th stage (in the j-th vacuum cham-

ber) of the k-th pelletizing process, respectively; FEk is 

dependence between electrical energy costs for the j-th 

stage of the k-th pelletizing process and that through the 

entire k-th process; FHk is dependence between thermal 

energy costs for the j-th stage of the k-th pelletizing pro-

cess and that through the entire k-th process; Tg0
jk is the 

heat carrier gas temperature at the point of entry into the 

layer of pellets for the j-th stage of the k-th process; Tgn
jk 

is the heat carrier gas temperature after passing through 

all n layers of pellets for the j-th stage of the k-th process; 

Wg jk is a rate of movement of the heat carrier gas for the 

j-th stage of the k-th pelletizing process.

Commentary. The problem is stated for the roasting 

conveyor machine under investigation and the processes 

k = 1 … K, K = 5, which are realized in it. At the same time:

– for drying the pellets – k = 1, J1 = 11;

– for heating the pellets – k = 2, J2 = 2;

– for hard firing – k = 3, J3 = 8;

– for recuperation of the pellets – k = 4, J4 = 2;

– for cooling the pellets – k = 5, J5 = 10.

The structure and description of a cascade
multicomponent fuzzy economic and mathematical

model of a heat-technological pelletizing system

Since the dependences FE and FH as well as FEk and 

FHk (k = 1, …, K) are essentially nonlinear and depend 

in large measure on the features of the processes under 

consideration, originality of the HTS equipment as well 

as environment processes variation, then applying a fuzzy 

logic approach for formalization and approximation of 

these dependences would be appropriate to estimate elect-

rical and thermal energy costs (both general and for each 

single process) [9–10].

According to the aforesaid, a cascade multicomponent 

fuzzy economic and mathematical model of a heat-tech-

nological system of pelletizing is suggested. Its structure is 

illustrated in Fig. 1.

The cascade multicomponent fuzzy economic and 

mathematical model of a heat-technological system of 

pelletizing involves the following models:

– Cascade 1: aggregates of the fuzzy component 

models Mcompi  
jk (i = 1, …, n, j = 1, …, Jk, k = 1, …, K) for 

analysis of corresponding pelletizing processes (drying, 

heating, hard firing, recuperation, cooling), equal to re-

sults of decomposition of these processes;

– Cascade 2 : aggregates of the fuzzy productional 

models {ME1
1, …, MEj

k, …, MEJk

k },{MH 1
1, …, MH j

k, …, 

MHJk

k }, meant for estimating electrical and thermal ener-

gy expenses at the j-th stages ( j = 1, …, Jk) for the k-th 

(k = 1, …, K) pelletizing processes (E1
k, ..., Ej

k, …, EJk

k ), 

(H1
k, …, Hj

k, …, HJk

k ), correspondingly;

– Cascade 3: aggregates of the fuzzy productional models 

{MFE1, …, MFEk, …, MFEK}, {MFH1, …, MFHk, …, MFHK}, 

meant for estimating energy expenses of electrical and ther-

mal energy for the k-th (k = 1, …, K) pelletizing processes 

(E1, …, Ek, ..., EK), (H1, …, Hk, …, HK), respectively;

– Cascade 4: fuzzy productional models MFE and 

MFH, meant for estimating general costs of electrical and 

thermal energy E and H, correspondingly.

In Fig. 2 an interaction of the models of the 1st and 2nd 

cascades for the k-th pelletizing process, k = 1, …, K, 

is illustrated in more detail.

Fuzzy component models of the 1st cascade M compi  
jk

 (i = 

= 1, …, n, j = 1, …, Jk) for analysis of the k-th (k = 1, 

…, K) pelletizing process corresponds to the results of de-

composition of this process. Each of these models permits

to solve an inner thermal conductivity problem in condi-

tions of uncertainty of thermophysical characteristics and 

fuzzy temperature distribution of the pellets. At the same 

time the analysis starts form the systems of differential 

equations with uncertain thermophysical characteristics 

of the pellets (volumetric heat capacity, thermal conduc-

tivity, coefficient of heat-transfer from the surface) [11], as 

well as from the approach to investigation of thermally ac-

tivated chemical-energotechnological processes by fuzzy 

numerical methods, suggested by the authors in [12].

A fuzzy logic approach is used as a base for construct-

ing the models on cascades from 2 to 4.

Let us consider in more detail the procedures of defini-

tion, adjustment and application of the suggested models 

of the 2nd cascade by the example of a MEj
k fuzzy produc-

tional model for estimation of electrical energy costs at the 

j-th stage for the k-th pelletizing process Ej
k.
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Stage 1. Assignment of the input and output variables 

of the fuzzy productional model.

The following fuzzy variables serve as the input vari-

ables for a MEj
k model: 

– Tg 0 
jk

 — the heat carrier gas temperature at the point 

of entry into vertical laying of pellets; 

– Tg n
jk — the heat carrier gas temperature after moving 

through the whole of n layers of vertical stacking of pellets;

– Wg jk — rate of movement of the heat carrier gas. 

The expenses Ej
k serve as a fuzzy output variable.

Stage 2. Construction of linguistic scales for the input 

and output fuzzy variables of the model, for which the 

S = sE E + sHH
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Fig. 1. Structure of a cascade multicomponent fuzzy model economic and mathematical model of a heat-technological systems of pelletizing

Fig. 2. An example of organization of interaction between the models of the 1st and 2nd cascades for the k-th pelletizing process
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L-R-functions (such as Gaussian, triangular, trapeziform) 

may be used. For more illustrative description of all men-

tioned fuzzy variables of the model we use similar therms 

{L — minor, M — middle, H — large} [13].

Stage 3. Making the fuzzy productional rule database 

of the model.

Below a rule database fragment of the model is repre-

sented:

R1: If Tg 0

jk
 is L AND Tgn

jk is L AND Wg jk is L,

Then Ej
k is L;

…

Ry: If Tg0
jk is M AND Tgn

jk is M AND Wgjk is M,

Then Ej
k is M;

…

RY : If Tg0
jk is H AND Tgn

jk is H AND Wgjk is H,

Then Ej
k is H.

For adjustment of the made fuzzy productional model 

ME j
k, one can use the method based on applying a lear-

ning sample, which is formed as a result of calculations 

according to the previously described fuzzy component 

models Mcompi  
jk  (i = 1, …, n) [11].

Procedure of utilization of the made MEj
k fuzzy pro-

ductional model is run on the base of the known fuzzy 

logical deduction algorithms [13].

Definition, adjustment and application of all fuzzy 

productional models {ME 1
1, …, ME j

k, …, MEJk

k }, {MH 1
1, 

…, ME j
k, …, MEJk

k }, designed for estimation of electri-

cal and heating energy spendings (E1
k, ..., Ej

k, …, EJk

k ), 

(H1
k, …, Hj

k, …, HJk

k), correspondingly, at the j-th stages 

( j = 1, …, Jk) for the k-th (k = 1, …, K) pelletizing pro-

cesses are implemented in an analogous way.

Construction of the models of the 3rd cascade we will 

illustrate by the example of assigning the structure of 

a fuzzy productional model MFEk for estimating energy 

expenses Ek for the k-th pelletizing process. Fuzzy output 

variables (E1
k, ..., Ej

k, …, EJk

k ) of the models of the 2nd 

cascade {ME 1
1, …, MEj

k, …, MEJk

k } serve as the input fuzzy 

variables of this model. Expenses Ek are the fuzzy output 

variable. 

A fragment of the fuzzy rule database structure of a 

MFEk model is represented in Table 1.

Procedures of adjustment and estimating electrical 

energy costs Ek for the k-th pelletizing process using the 

MFEk model is realized similarly to the above examined 

MEj
k model.

Definition, adjustment and application of all fuzzy pro-

ductional models {MFE1, …, MFEk, …, MFEK}, {MFH1, …, 

MFHk, …, MFHK}, designed for estimation of electrical 

and heating energy spendings (E1, …, Ek,  .., EK), (H1, …, 

Hk, …, HK), respectively, for the k-th (k = 1, …, K) pelletiz-

ing processes are implemented in an analogous way.

Definition of the models of the 4th cascade is exemplified 

by the example of assigning the structure of a fuzzy produc-

tional model MFE for estimating electrical energy general 

costs E for pelletizing. Fuzzy output variables (E1, …, Ek, 

..., EK) of the models of the 3rd cascade {MFE1, …, MFEk, …, 

MFEK} serve as the input fuzzy variables of this model, and 

general expenses E are a fuzzy output variable.

A fragment of the fuzzy rule database structure of a 

MFE model is represented in Table 2.

Procedures of adjustment and estimating electrical en-

ergy general costs E for pelletizing process using the MFE 

model is fulfilled similarly to the above examined models.

Definition, adjustment and application of the MFH 

fuzzy productional model for estimating the pelletizing 

heating energy general costs H are implemented in an 

analogous way [14–15].

Hence, a solution of an economic and mathematical 

problem of increasing the HTS energy efficiency of pel-

letizing using the suggested cascade multicomponent fuzzy 

model consists, in a general view, in setting various combi-

nations of control parameters for each stage of all the proc-

esses, taking into account technological, organizational 

and other limitations imposed on these processes followed 

by modeling and determining such combinations of these 

parameters, which provide minimization of electric and 

thermal energy total costs during pelletizing [16–18].

Conclusion

An economic and mathematical problem of increasing 

energy efficiency of heat-technological systems (HTS) of 

pelletizing was stated in the paper.

Justified is the conclusion that in the present context of 

pelletizing in non-ferrous metallurgy (firstly, in conditions 

Table 2

A fragment of the fuzzy productional rule database structure

of a MFE model for estimating electrical energy general costs E

for pelletizing

T
h

e
 r

u
le

 

n
u

m
b

e
r

Fuzzy input variables Fuzzy output 

variable

EE1 … Ek … EK

R1 L … L … L L

… … … … … … …

Ru M … M … M M

… … … …. … … …

RU H … H … H H

Table 1

A fragment of the fuzzy productional rule database structure

of a MFEk model for estimating electrical energy spendings Ek

for the k-th pelletizing process

T
h

e
 r

u
le

n
u

m
b

e
r

Fuzzy input variables Fuzzy output 

variable

Ek
E1

k … Ej
k … EJk

k

R1 L … L … L L

… … … … … … …

Rg M … M … M M

… … … …. … … …

RQ H … H … H H
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of essential non-linear dependences between electrical 

and thermal energy costs both for different processes and 

separate stages of these processes and the general ones; 

secondly, taking into account the HTS equipment origi-

nality; thirdly, under material effect of environmental 

parameters), usage of a fuzzy logical approach is worth-

while for modeling and assessing electrical and thermal 

energy costs (both general and for each process taken 

separately) in order to increase energy efficiency of pelle-

tizing HTS.

Suggested is a cascade multicomponent fuzzy eco-

nomic and mathematical model of a heat-technological 

system of pelletizing, which includes: 

– aggregates of the fuzzy component models for ana-

lyzing the pelletizing processes (drying, heating, hard fir-

ing, recuperation, cooling);

– aggregates of the fuzzy productional models for esti-

mating cost of electric and heat energy at all stages for all 

the processes of pelletizing; 

– aggregates of the fuzzy productional models for esti-

mating cost of electric and heat energy for all the processes 

of pelletizing; 

– the fuzzy productional models for estimating total 

electrical and thermal energy costs. 

The article describes the suggested approach to solv-

ing an economic and mathematical problem of increasing 

of the pelletizing HTS energy efficiency using the pro-

posed cascade multicomponent fuzzy model, which is to 

set various combinations of control parameters for each 

stage of all the processes, taking into account technologi-

cal, organizational and other limitations imposed on these 

processes followed by modeling and in the determination 

of such combinations of these parameters, which provide 

minimization of electric and thermal energy total costs 

during pelletizing.

This work is done within the framework of a State task 
of the Ministry of Education and Science of the Russian 
Federation to perform public works in the � eld of scienti� c 
activities, base part of the project No. 13.9597.2017/��.
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