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USE OF ANALYTICAL MODEL FOR SYNTHESIS OF ALGORITHMS FOR
CONTROL OF TRANSPORT CONVEYOR PARAMETERS

This study presents a methodology for synthesizing optimal control algorithms for the flow parameters of a conveyor-type
transport system with a variable transport delay. A multi-section transport conveyor is a complex dynamic system with a variable
transport delay. The transport conveyor s an important element of the production system, used to synchronize technological
operations and move material. The Analytical Pikh-model of the conveyor section was used as a model for designing a control system
for flow parameters. The characteristic dimensionless parameters of the conveyor section are introduced and the similarity criteria for
the conveyor sections are determined. The model of a conveyor section in a dimensionless form is used to develop a methodology
for synthesizing algorithms for optimal control of the flow parameters of a transport conveyor section. The dependencies between
the value of the input and output material flow of the section are determined, taking into account the initial distribution of the material
along the conveyor section, variable transport delay, restrictions on the specific density of the material, and restrictions on the speed
of the belt. The dependencies between the value of the input and output material flow for the case of a constant transport delay are
analyzed. A technique for synthesizing algorithms for optimal belt speed control based on the Pikh-model of a conveyor section is
presented. As a simplification, a two-stage belt speed control is considered. Particular attention is paid to the methodology for
synthesizing optimal control algorithms based on the energy management methodology (TOU-Tariffs). The criteria of control quality
are introduced and problems of optimal control of flow parameters of the transport system are formulated. Taking into account
differential connections and restrictions on phase variables and admissible controls, which are typical for the conveyor section, the
Pontryagin function and the adjoint system of equations are written. As examples demonstrating the design of optimal control,
algorithms for optimal control of the flow parameters of the transport system are synthesized and analysis of optimal controls is
performed.
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OJIET IIT'HACTU, MAKCUM COBOJIb

HarionanpHuii TexXHiYHHN yHIBepCcHTET «XapKiBChKUil HOMTEXHIYHII IHCTHTYT», XapKiB, YKpaina

BUKOPUCTAHHS AHAJIITUYHOI MOJEJI IJIsI CHHTE3Y AJITOPUTMIB
KEPYBAHHS TAPAMETPAMU TPAHCIIOPTHOI'O KOHBE€PA

HaHe AOCTIMKEHHS MPE3EHTYE METOAUKY CUHTE3Y Aa/IrOPUTMIB ONTUMAE/IBHOMO KEPYBAHHS MOTOKOBUMU rapameTpamm
TPAHCIIOPTHOI CUCTEMU KOHBEEPHOIO TUITY i3 3MIHHOK TPAHCIIOPTHOW 3aTPUMKO. baratocekuyiviHmi TpaHCrIopTHm KOHBEEP — Le
CKIIBAHE ANHAMIYHE CUCTEMA (3 3MIHHOIO TPAHCIIOPTHOI 3aTDUMKOIK. TPaHCIOPTHMY KOHBEED € BaXJ/MBUM €/IEMEHTOM BUPOBHUHOI
cucTemy, 1O BUKOPUCTOBYETBCS V1S CUHXDOHI3ZALIT TEXHO/IOMYHUX Onepauii 1a repeMiljeHHs Martepiany. Ak Mofens Ans
MIPOEKTYBAHHSI CUCTEMU YIIPAB/IIHHS TOTOKOBUMY IEPaMETPaMU BUKOPUCTAHA aHa/litnydHa PiKh-mogens cekyii KoHBeepa. BBeaeHo
XapaKTEPHI 6E3PO3MIPHI NapamMeTPH CEKLIT KOHBEEPa Ta BUSHAYEHO KPUTEDIT MOAIGHOCTI 40 CeKUiVi KoHBeEpa. Moaesb cexuii KoHBEEPa
Yy 6e3p03MIpHOMY BUITIAAI BUKOPUCTAHa A/1S PO3POOKU METOLMKU CUHTE3Y EJ/IFOPUTMIB OMTUMA/IbHOIO KEPYBAHHS [10TOKOBUMMU
rnapamMeTpamu Cekuli TPaHCrIoOpTHOrO KOHBEEPE. BUHAYEHO 3a/IEXHOCTI MDK 3HAYEHHSIM BXIAHOMO Ta BUXIAHOMO 1OTOKY Marepiasay
CeKUii 3 ypaxyBaHHIM I0YaTKOBOIo PO3rI04iNly Marepiasny B3AOBX CEKUIi KOHBEEPE, 3MIHHOI TPaHCIIOPTHOI 3aTPpUMKY, OOMEXEHL Ha
TIUTOMY LUYIJTbHICTE MATEPIATY Ta OOMEXEHD HA LUBUAKICTL CTPIYKN. [1DOaHE/I30BAHO 3aIEXKHICTL MPK 3HAYEHHSIM BXIAHOIO Ta BUXIAHOI
10TOKy Marepiany A5 BUNAAKY MOCTIViHOI TpaHCrIOpTHOI 3aTpumku. [IpeACTaB/IEHO METOAUKY CUHTE3Y a/iIrOPUTMIB ONTUMAE/IbHOMO
YrpaB/iHHS  LWBUAKICTIO CTPIiYKY, 3acHoBaHy Ha PiKh-mogeni ceKuii KoHBeepa. Sk CripoleHHs po3r/igHyToO ABOCTYIIiHYacTe
PEryIoBaHHs LBMAKOCTI CTpidku. Ocob/mBy yBary rpuaiieHo MeToanli CUHTE3y a/iropUTMIB ONTUMAE/IbHOMO YIpaB/iiHHS, Lo
TDYHTYETLCS Ha METOLOJIONT EHEProMEHEAKMEHTY (TOU-Tariffs). BBEAEHO KPUTEDII SKOCTI KEPYBAaHHS Ta CROPMYTIbOBAHO 33BAAHHS
ONTUMAlIbHOIO KEPYBaHHs MOTOKOBUMU 1apaMETPamMu TPAHCIIOPTHOI cuctemu. 3 ypaxyBaHHIM AN@DEPEHLiansHuX 38'53KiB Ta
OBMeEXEeHb Ha @Qa30Bi 3MiHHI Ta [OMYCTUMI KEPYBAaHHS, XapaKTEPHI [/19 KOHBEEPHOI AiISIHKM, 3arvcaHa @yHKUis [ToHTpsriHa 1a
MPUEAHAHa CUCTEMA PIBHSIHB. SIK MpUKAaav, Lo AEMOHCTPYIOTE MPOEKTYBAHHS OMTUMA/IbHOrO KEPYBAHHS, CUHTE30BaHO a/IrOpUTMU
ONTUMAIIBHOIO KEPYBAHHS MOTOKOBUMM 1apaMeTpamu TPaHCIOPTHOI CUCTEMU Ta MPOBEAEHO aHAsI3 OMTUMAlTIbHNX KEDYBAHHSI.

KIto4oBI  ¢/10Ba.; KOHBEEP, po3riogineHa cucrema, PDE-MOAESTL, TOTOKOBA JliHIS, LBUAKICTb CTDIYKU

Introduction

Industry 4.0 is the next step in the industrial revolution. Industry 4.0 includes the following requirements for
modern production: completion of full automation of digital production; control of technological parameters in real-
time; use of intelligent control systems with access to the global Internet; constant interaction with external production
and marketing environments. Modern industrial technologies in process control are forced to use artificial intelligence
and additive forecasting methods. At the same time, operational control of production parameters using sensors and
sensors is a separate problem. Particular importance is given to this problem in enterprises with a continuous
production method, in which the main element of material transportation, as a rule, is a conveyor [1]. The use of
modern transport systems in the production process can significantly increase the efficiency of algorithms for the
operational control of the flow parameters of the production system. The conveyor acts as a link connecting production
modules and uses intelligent control components and various industrial sensors to improve the efficiency of the
production process, which determine the state of the parameters of the transport system [2].
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When considering the concept of “Industry 4.0”, conveyor transport is important in the mining industry [3].
This is determined by the following circumstances: a) firstly, due to the low unit cost, the transport conveyor is the
most suitable means for transporting the material [4, 5]; b) secondly, modern transport systems consist of a large
number of sections, each of which operates with certain flow parameters [6]. These parameters for sections of the
conveyor system are interconnected, and contain a variable transport delay; c) thirdly, the length of the transportation
route for a separate section reaches tens of kilometers and the trend towards an increase in the length of sections
continues to persist [7]; e) fourthly, the specific cost of transporting material for the standard mode of operation of the
transport system is 20% of the total cost of extracting the material [8]. With an increase in the number of sections and
the length of the route of the transport system, the cost of transporting the material increases non-linearly and can
make up the bulk of the cost of extracting the material; ) fifthly, under the standard mode of operation, the material
loading factor of the conveyor section is 0.5—0.7 of the full conveyor load. Increasing the filling factor of the conveyor
section with material allows for reducing transportation costs by 30-50%. However, quite often the transport system
operates with a fill factor below the norm due to the use of efficient real-time control systems; f) sixthly, restrictions
are imposed on the operation modes of the conveyor section, associated, for example, with the propagation of long-
wave disturbances in the conveyor belt, which can cause the destruction of the conveyor belt.

Related Works

For conveyor systems, the cost of transportation is directly related to the cost of electricity that is consumed
to transport the material. One of the main methods of reducing energy consumption, which is widely used in the
transport of material, involves the use of conveyor belt speed control systems [10]. This method consists in increasing
the linear density of the material at the input of the conveyor section by reducing the speed of the belt, which implies
an increase in the material loading factor of the conveyor section. The next most effective method for reducing energy
consumption is based on the use of a material flow control system from the input bunker[11]. In this case, an increase
in the linear density of the material at the input of the conveyor section is achieved by increasing the input flow of
material from the accumulation bunker of the conveyor section. The third method for reducing the specific energy
consumption for material transportation is based on the use of energy management methodology [12]. The method is
based on the use of transport system mode control systems. The operation of sections of the transport conveyor is
carried out at times when the price of electricity is low. And the last significant method for reducing specific energy
consumption is the method using reverse conveyors [6]. Reducing the specific cost of energy consumption occurs due
to a change in the structure of the transport route as a result of a change in the direction of the flow of material in the
supply section of the conveyor to the opposite direction. The control system determines the optimal route for the
movement of material from several possible ones. For the synthesis of optimal control algorithms, a set of models for
the section of the transport conveyor is used. The most common models of a conveyor section are FEM models of a
transport system based on the finite element method [13] and DEM models of a transport system using the discrete
element method [14]. These models belong to the class of numerical models and are used in flow parameter control
systems that require taking into account the non-uniformity of the material flow and the variable transport delay when
the material moves along the transport route. These models require significant computational resources, which
imposes significant restrictions on their use in the synthesis of algorithms for optimal control of the flow parameters
of the transport system. The transition from the model of a single-section transport system to the model of a multi-
section transport system, consisting of several dozen sections [6], becomes a practically unsolvable problem. This is
due to the almost absence of papers devoted to the design of control systems for the flow parameters of the transport
conveyor, represented by numerical models. As an alternative to the class of numerical models for describing multi-
section transport systems, a separate class can be proposed, which is based on models of regression equations [16] or
a neural network [17]. However, to build optimal control systems using models based on regression equations or using
a neural network, a sufficiently large amount of test data is required, which is not available for non-stationary modes
of operation of the transport system. This circumstance is a strong limitation for the synthesis of control systems using
an alternative class of models. Thus, the above analysis clearly identified the problems that make it difficult to
synthesize algorithms for optimal control of the flow parameters of a modern transport conveyor: a) taking into
account the uneven flow of material along the transportation route in the presence of a variable transport delay; b) a
trend towards an increase in the number of sections of the transport system. The solution to these problems requires
the improvement of existing models and algorithms for optimal control of the flow parameters of the transport
conveyor.

Purpose

In connection with the above circumstances, taking into account the fact that the industrial Internet of things
provides an opportunity to create fully automated conveyor systems, the synthesis of algorithms for optimal control
of the transport system flow parameters requires not only the improvement of existing and the creation of new models
of the transport conveyor, which allow us to consider the transport conveyor as an object of intelligent control but also
the improvement of methods for applying models for the synthesis of algorithms for optimal control of the flow
parameters of the transport conveyor. This study is devoted to demonstrating the methodology for building transport
conveyor control systems based on the use of an analytical PiKh-model of the conveyor section.
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Description model of a separate section of the conveyor line
The conveyor line is a kind of production line, in a one-time approximation it has the form [1]

oty dlxhas) _
ot a0 [ehes =l e (M)
under initial and boundary conditions
[1o(0.9)=¥(s) [h 0 =20) @)

where S; — the length of the section in the phase space [18]); [X]O (t,S), [X]l (t,S) is the distribution density
and the material flow at the moment of time ¢ at the position, characterized by the coordinate S [O, Sg ]; Y(S) is

initial distribution along the transport route; [){]lw (¢, S) is the normative material flow along a transport route; A(z) is

the input material flow.
The fact that materials move at a speed that is independent of their location on the section belt allows the
material flow [x]] (t,S) to be expressed in terms of their density [X]O(t,S) and the speed a =a(t) of the belt. The

speed of the belt can be constant or have a continuous or step regulation in time depending on the load. This made it
possible to write the closed system of equations (1)—(2) in the following form [19]:

0 ,S) 0 .S, o

[X]gt(f )= [X;l;t )ZS(S)X(t) s [X]l(t’s):a(f)'[)(]o(l‘,S), IS(S)dSzl, &)
0, S<0, .

[X]()(O,S) =H(S)¥(S), H(S) 2{1, §>0, SE[O,Sd]. 4)

The system of equations (3)—(4) models the flow of material moving along the transportation route. The right
side of equation (3) 8(S)K(t) takes into account the source of the material with the intensity characterizing the line

capacity A(?), characterizing the line capacity (ton/hour). At the initial moment of time z =0 there is material on the
conveyor line, which is distributed along the transportation route with linear density [)(]0 (0,S) . The function S(S )

determines the place where the material enters the conveyor line: S =0 . The system of equations is closed with respect
to flow parameters [X]O tS) m [;{]1 (¢,S) . The closure condition shows the independence of the belt speed from the

place of transportation and allows you to construct a solution to the system of equations (3)—(4) with respect to the
flow parameters [)(]0 (t,S) and [X]l (¢,S) . A schematic diagram of a conveyor section with an accumulating bunker

at the input is shown in Fig. 1 [20]. The material flow must be supplied to the input of the conveyor line from the
bunker with the intensity necessary to ensure the required specified material flow at the output.

Conveyed material N
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Tail pulley Head pulley

Take-up

Fig.1. Schematic diagram of the conveyor line [20]

Let us supplement the system of equations (3)—(4) with an equation that determines the state of the bunker:

INO -0, N(O)=Ng,  O<N <Ny 0<AH < hmaxs (5)

where N(?) the current amount of materials in the bunker with a capacity of Ny, . The flow of materials to
the input to the accumulation bunker is a given value A;;,(?) . Let us represent the system of equations (3)—(5) in a

dimensionless form and will use the dimensionless parameters [21]:
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t S
r—E, é—g, (6)
~ bes _P(S) _ N ~ T, o Ty
eo(r,é)—T, \v(&)——@) , n(r)—Sd®, v(r)—k(t)&i—e), vln(r)—%,n(t)%,
(7
Ty M)
g(r)=a(t)§, ®=max{‘P(S),%},8(§)=Sd5(5), H(S48)=H(S), a(t)#0. (®)

The value of the specific load on the conveyor belt should not exceed the maximum permissible value

A
% = [)f]O(t’O)S [X]Omax :

With the dimensionless value n(t) =1.0and ©= [X]Omax the accumulating bunker contains the amount of
material N(t)=S;0, that will fill the conveyor line along the entire length with the maximum allowable rock
distribution density [)(]O(t,S )= [X]Omax . Taking into account the notation (6)—(8), the balance equation for the flow

parameters of the conveyor line is written in the dimensionless form [21]:

00¢(~, 00¢(t,
Oa(: 2 e(r) O;g Dbeh. 0008 =HEWE). ©)
"”;f) (D=7, n(0)=ng.  0<n(0)<rma. 0<7(0) < Yrmax - (10)

The solution of the system of equations (9) has the form:

+ H(-G(te) - G(re)). (11)

Ooe0) = - H- G(ra))]y((f;))

g

G(v) = [ g(v)dx, =G (G -8). (12)

For a constant speed of the conveyor belt g(t) = go = const expressions (12) can be represented as

r 2 0O-E_gorob_ & (13)
£0 80 £0

G(v)=got,

whence the expression for the distribution material density along the transportation route at an arbitrary point
in time Oq(t,&) along the transportation route at an arbitrary point in time <t

H
-
0o(r.8)=[H(©) - H(g~ gor)]TgO + H(E-gothv(E - g01)- (14)
For the transportation process by t> &/ g
1)
eO(Tlg):—gOs e](T,g):'Y(T—iJ, T>£' (]5)
g0 80 g0

In order to determine the value of linear density 0((t,&) or material flow 0;(t,&) at an arbitrary point & at
a point in time t, it is required to know the value of the input material flow to the conveyor line at a point in time
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¢ = 1—&/go . The material flow at the output from the conveyor line 6;(t,1) at a constant belt speed is determined

by the product gou 6g(t,1)

-1/
01(t1)=goBp(t.1) =gOY(Tg—OgO)=Y(T—1/g0)~ (16)

In general, when the belt speed and the input material flow are variable, the expression for the material flow
at the exit of the conveyor section is

01(c)) = g(O[H()— H(- G(n))]%)) vHEGEN6m),  w=6"Gm-1). (17)

Expressions (16), (17) determine the value of the output material flow from the conveyor section, which can
be used to design a control system for the flow parameters of a conveyor-type transport system.

Results
1. The problem of optimal control of the conveyor belt speed
Let us formulate the problem of constructing an optimal program for controlling the speed of a conveyor belt
for a steady state operation G(t)—1>0 of a conveyor line: determine the material output 6;(t,1) from the conveyor

line during a period of time r:[O,rk]with step control of the speed of the conveyor belt u(‘r)=(u1,u2),

0<uy <up <oo, uy =const , uy =const , which leads to a minimum functionality

Tk
j 161 (1)~ 9(1)|dT — min (18)
0

with differential connections (9)

P8y DD 5y, g@=ur (19)
& 3E
and restrictions
00(v9)>0, (20)
and initial conditions
00(0.5) =HEW() e

Let us assume that prior to the introduction of control, the conveyor operated in a steady state at a constant
speed g('r)|T <= The Pontryagin function and the adjoint system have the form:

T

H=— Mu(r) — 9(1)| + yqu(t) > max , ju(r)dr =1, (22)
u(t—Aty) A,
n_oH_, (23)
dv &

Since the right end of the phase trajectory is free, then yy(t;) =0 and, therefore, y1(t) =0, which allows
us to write the Pontryagin function in the following form

-A
H=—YEZAT oy 90r)| > max . (24)
u(t—Aty)
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Let us construct the optimal control of the speed of the conveyor belt for the case of supplying material to
the input of the conveyor with a constant intensity y(t) =1 with the existing demand, which is determined by a periodic

function 9(t) =1+ sin(wt) [22]. Let's believe that the conveyor line is capable of operating in one of the speed modes:
with the speed of the beltu) or uy, u(t) = (ul,uz). The calculation results are shown in Fig. 2 for different values
of the stepwise control of the belt speed u] or up : u(t)= (0.5, 2.0), Fig.2a; u(t) = (0.8, 2.0) , Fig.2b; u(t) = (1.0, 2.0)
, Fig.2c; u(t)= (1.2, 2.0) , Fig.2d; u(t)= (1.8, 2.0), Fig.2e. The maximization of function (22) determines such a
control u(t) , which the output of products on the conveyor line is ensured with a minimum deviation from the existing
demand 9(t) . Figure 2 shows the calculation of the optimal control #(t) of the speed of the conveyor belt, depending
on the demand 9(t). Graphs (a—¢) on the left side in Fig. 2 represent the dependence of optimal control u(t) on the
value of demand 9(t). On the right, for each variant of the dependence u(t),9(t) a graph of the family of

characteristics with breaks at the time of switching the speed mode is presented. Each control mode (a—e), shown in
Fig. 2, corresponds to the time dependence of the output flow 0(t,1) from the conveyor against the background of

existing demand 9(t). For the step control speed option u(1)= (0.5, 2.0), Fig. 2a, there are no conveyor belt speed
switching modes.

(), u(r)
24 =
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21 ) e
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Fig.2. Optimal control and a family of characteristics for operating modes
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The output material flow from the conveyor line 01(t,1) is constant and does not depend on the existing
demand. This behavior is due, to some extent, to the fact that the initial speed of the conveyor line without control is
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taken as the smaller of the two, g(‘t:)|T <0 = > and a significant spread between the step value of the control speeds,

which is characterized by a coefficient (Fig. 2a) k,, = uy /uj =4.0. When decreasing k,, by increasing the value ug

the conveyor starts to operate in a two-speed mode (Fig. 2b), and the family of characteristics at these switching
moments has kinks At the same time, the output flow from the section 0;(t,1) is determined by the behavior of

demand S(t) and takes one of three values over time {0.4; 1.0; 2.5}, which is determined by the relation
u(t) 2.0 0.8 0.8 2.0

u(t—A1y) - {ﬁ’ﬁ’z_o’z_o}

The unevenness of material density 6g(t,&) is set by the speed mode of the conveyor line and takes one of
v(tg) (1.0 1.0
g(te) {ﬁ’z_.o
increases with each switch and reaches the steady state (Fig. 2b). With a subsequent decrease, short-term peak
switchings are added (Fig. 2c, Fig. 2d), which disappear with a further decrease k,, (Fig. 2e).

two values 0q(1,8) = } . The duration of the operation of the section in the control mode u(t) =uy

This behavior of the control function is explained by the fact that the speed control u(t) of the section
depends on the accepted control u(t—Aty), where is Aty a time-dependent value estimated by relation (22).

2. Synthesis of an algorithm for controlling the speed belt based on TOU-tariffs
The problem of constructing an optimal program for controlling the belt speed is formulated as follows:

determine the modes of switching the belt speed during a period of time t= [0, 124] with the value of the price
coefficients of the cost of electricity z(t) (Fig. 3) with stepwise control of the belt speed g(t)=u(1)= (ul,uz),

O<uy <up <o, uy =const , uy =const , which leads to a minimum of the functional:

T4
jz(r)u(r)m(r)dt — min , (25)
0

with differential connections

dm(7)
dt

10— 0y (1, 1) = 1 (1) 71 (1— Ay — 2D (26)
u(t—Aty)
1
m(0)=2(Bgr +0oc)+ [ w(E)dE (27)
0

and a limit on the total amount of energy consumed per day

124
Iu(r)m(r)dt =b=const. (28)
0

kr =—3-th zone accounting == 2-th zone accounting (Nightsave)

2
1,8
1,6
1,4
1,2
1
0,8
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Fig.3. Tariff coefficients Ukraine—-TOU periods (2020)
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Equation (26) is written taking into account the dependence on the output material flow. The choice of a
stepwise control mode is due to its prevalence in the control of transport systems [23, 24]. Equation (28) can be
replaced by the differential equation

dx
d_rb = u(t)ym(7), xp(0)=0, xp(t24)=h. (28)
The Hamilton function and the adjoint system of equations for the problem under consideration has the
form:
u(t)
H =(yp = 2()(Dym(0) + | 11(D) =11 (1= ATp) —————|, (29)
u(t—Aty)
d\v_b = _5_H =0, (30)
dr Oxp,

d
= (=0 -y (D) Vin(124)=0. (1)

Equation (31) implies iy, = Cp, = const . For the two-stage control mode u(t) = (uy,up) 0<uj <up <oo the
optimal belt speed corresponds to the maximum value of the Hamilton function (29). Switching points of control
modes are determined by solving equations (26)-(31). To carry out quantitative calculations, let's take the value of the
time parameter and the value of the sample 7;; =1 (hour), Sz =20.5 (km). The choice of the characteristic time value
Ty makes it possible to conveniently display the change in parameters during the day te [0;24], and the choice of
the characteristic length value corresponds to the consideration of extended transport conveyor (Sasol — Shondoni
Overland (20.5 km single flight overland conveyor with multiple horizontal curves). Then the control modes
u('r)=(u1,u2), at speeds aj(1) =(1.0,5.0) m/sec, will correspond to the dimensionless values of the belt speed

u(t) =(0.176, 0.878).
Let's consider the construction of a schedule for switching belt speed modes for tariff coefficients Ukraine—
TOU periods (Fig. 3), when the intensity of material receipt is a constant value yq(t)=0.15 with daily energy

consumption b=6.5. The selected value of the intensity of the incoming flow allows the transport system to operate
in a two-speed mode u(t) = (0.176, 0.878) (19). Increasing the belt speed g(t) leads to an increase in the power

consumption of the transport system n,(t). On the other hand, an increase in belt speed leads to a decrease in the
linear density of the material 6¢(t,0), entering the section input and, possibly, to a decrease in the mass m(t) . The

next feature is that the conveyor belt is an accumulator of the material entering the section input. The limitation does
not allow both the excess of the specific gravity and the overflow of the accumulator. The presence of upper and lower
limits for the amount of material in the accumulator with a sufficiently long period of time of the transport system
operation determines the ratio between the average intensity of the incoming flow and the average power consumption
of the transport system.

An increase in the value of the intensity of the incoming material over a sufficiently long period of time of
the operation of the transport system leads to an increase in the power consumption of the transport system.3Tu
0COOCHHOCTH 3HAYUTEIHFHO YCIIOKHSAOT CHHTE3 AITOPUTMOB ONITHMAITFHOTO YIIPABJICHHS TOTOKOBBIMH TTapaMeTpaMu
TpaHcropTHO# cuctemsl. In this regard, to simplify the qualitative analysis, a constant value for the intensity of the
incoming flow vyq(t) is taken. Belt speed control modes u(t)= (ul,uz) for tariff coefficient values

k() =(0.35, 1.8) are shown in Fig. 4.

by yp,u(7) = (rq ,uz)
2
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Fig 4. Belt speed control modes for tariff coefficient values k¢ (t) =(0.35, 1.8) and y(&)=0.5+ O.SSin(Zn&)

The value of the tariff coefficient k. =1.8 corresponds to the minimum belt speed u; . There are several
speed-switching points for the tariff coefficien k; = 0.35. Switching on the interval t € [0.0;1.0] is related to the type

of function (21), which determines the initial distribution of material along the route. Switching for the interval
Te [4.0;5.0] repeats the switching mode for the interval t € [0.0;1.0] with a time shift equal to the amount of transport

delay.

For the moments of time when the value of the transport delay has high values, the mass of the belt with the
transported load also has high values (Fig. 4). An increase in the transport delay leads to an increase in the mass of
material on the belt.

Conclusions

The article discusses a technique using the PiKh—model of a conveyor section for the synthesis of algorithms
for optimal control of the belt speed for a distributed transport system of a conveyor type. A method for constructing
an algorithm based on the Pontryagin maximum principle using an analytical PiKh—-model for a conveyor section is
proposed. The use of the Pontryagin maximum principle together with the analytical PiKh—-model allows us to provide
acceptable accuracy for calculating the switching points of speed modes. To carry out numerical experiments, software
was used that makes it possible to synthesize algorithms for optimal discrete control of the belt speed for practical and
theoretical purposes. The presented technique for synthesizing optimal control algorithms makes it possible to take
into account the initial distribution of material along the transportation route when choosing control modes.

The main advantage of the presented technique is that the synthesis of optimal control algorithms takes into
account the variable transport delay for the conveyor section.

The prospect for further research is the development of a methodology for synthesizing algorithms for
optimal continuous control of the speed of a conveyor belt in the design of control systems for multi-section transport
conveyors.
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