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ABSTRACT:

This article discusses the problems of mathematical modeling
and optimal control of a multi-motor asynchronous electric
drive of synchronous rotation with the frequency converter of
belt conveyor. To determine the optimal control curve for the
electric drive of the conveyor, the mathematical model of the
conveyor was compiled, and the Pontryagin L.S. principle
method was chosen, the algorithm and program for calculating
the optimal control of a multi-motorized electric drive of belt
conveyor were compiled. Simulation of the electric drive of
conveyor belt, the calculations were made in the Matlab
software package.
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1. INTRODUCTION

Multi-drive belt conveyors serve as the main means of
continuous transport in mines and pits, and have been widely
used as a means of ore delivery through intermediate and
modular drifts, slopes, and also along inclined trunks. Used in
them multi-motor AC electric drives are the most massive and
energy-intensive consumers of electrical energy [1].

The problems of constructing and optimizing the operating
modes of conveyor electric drives attract the wide attention of
specialists. In particular, the appearance on the market of
reliable, high-quality = and  relatively  inexpensive
semiconductor energy converters in combination with
automation tools creates the prerequisites for the wide use of
technical advances to solve problems of energy and resource
saving.

The development of the theory of optimal control of electric
drives is associated with an increasing demand for speed and
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accuracy of electric drive control systems of industrial
mechanisms. The increase in speed is possible only with the
correct distribution of limited control resources, and therefore
accounting for control constraints is one of the central ones in
the theory of optimal control, in particular, a multi-motor
electric conveyor belt [2-4]. The above indicates the relevance
of the research in this work.

Il. MATERIALS AND METHODS

The requirements of high reliability, preventing slippage of
the belt, coordinated rotation of several electric motors and
ensuring a smooth start are imposed on the electric drive of
conveyors [5]. In the process of acceleration and deceleration
of the belt conveyor with the multi-motor electric drive,
especially high power, optimal control is one of the necessary
tasks of synchronizing the operation of the drives, stabilizing
the tension of the conveyor belt and reducing the power
consumption during the transition of the working mechanism
from one position to another. This problem can be
successfully solved by the Pontryagin L.S. maximum
principle method [6] with the appropriate mathematical
description of the belt conveyor transients process.

Following the requirements imposed on the conveyor electric
drive, the task of optimal control of the conveyor electric
drive can be attributed to one of the tasks of converting the
state of a multi-motor electric drive to another state, i.e.
ensure a smooth start. In this case, this task is to find the
control law as a function of time [6].

I11. RESULTS AND DISCUSSION

The mathematical model of a three-motor asynchronous
electric drive with frequency control, based on a single-motor
electric drive with frequency control [7], is represented by the
following system of equations [8]:
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The designations of the variables of the system of
differential equations (1) are presented in Table 1. The
mathematical model represented by the system of equations
(1) takes into account feedbacks on the mismatch of the
speeds of asynchronous motors Ksmf, Ksmi, Ksmss three-
motor asynchronous electric drives with frequency control
introduced to maintain synchronous rotation of electric
motors.

The equations of motion of the electric conveyor belt, to
determine the optimal control, will consider on the basis of
the system of equations (1), taking into account that in
addition to the interconnections between conveyor motors
for speed mismatch, there is also an interconnection of
conveyor drive drums through a conveyor belt with a certain
tension value T.

The basic relations characterizing the interconnection of
electric motors through a conveyor belt, consider on the
basis of the scheme presented in Fig. 1.
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According to the scheme in Fig. 1, the radii of the drive
drums are the same:

R, =Ry, =R )

Elastic deformation in the kinematic chain asynchronous
motor-drive drum of each of the drives is missing.

Bl= 82: B3 *

Enter a number of assumptions:

1) the belt is uniform and has the same length over the entire
length;

2) the weight of the belt does not affect its deformation;

3) wave processes associated with the propagation of
deformation along the entire length of the belt are absent;

4) there is no slip of the driving belt relative to the drums.
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b)

Fig. 1. General view (a) and kinematic scheme (b) of the
three-motor belt conveyor

The behavior of the belt at the stretching section length 1, is
described by the following differential equation [9]:

de, 3 1
% o, -vre, )

2

(3

Al, . .
where g, =71 relative elongation;
2
v,, v, - linear speeds of the conveyor belt at the beginning
and at the end of the stretching section;

Al, - absolute value of stretching.

The tension that occurs in the belt is related to the value Al,
of the expression

TZ = CZAIZ = CZIZEZ ! (4)

where c, - stiffness coefficient of a rubber-fabric belt under
tension.

Substituting equation (3) into equation (4) and writing down
the equilibrium moment equation in the first electric drive,
obtain the system of equations.

do
ﬁlTMld_tl= Ml _Mcl +(T2 _Tl)RBl;

c )
F, = —= [Uz _Ul(l+52 )]

The system of equations (5), taking into account (3) and (4),
in increments of coordinates can be written in the following
form

dAw,
ﬂzT‘uz dt = AMZ -AM c2 +(AT3 _ATz )RBZ;
. 6
dATs — CsRB3 Aw. _[1+ 1 T*J CsRBZ Aw, — RBza)z AT ( )
N 3 3 A 2 = 3"
dt 2 3'3 1 2'3

For the three-motor asynchronous electric drive of belt
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conveyor with frequency converters, the system of
equilibrium moment equations can be written as

dAe, _ 1 AM, - ! AM, + ! (AT, - AT,)R,,;
dt ﬂlT.ul ﬂlT.ul ﬂlT,ul

dATz _ Czl_?sz sz _(Czl_qm _,,_&TZ*JACDI _ Rl?lwl* ATz :
dt JZ 1 JlIZ 1I2

dAw, _ 1 AM, -1 AM, + ! (AT, - AT, Ry,
dt ﬁZT.uZ ﬁZT.uZ ﬁZT.uZ

dAT, _ Ry, , _(CSRBZ +ET*]M) Ruwl . (D)

. 3 - - 3 2 H 37

dt JZ 2 JZ 3 2I3

dAe, _ 1 AM, — ! AM, + ! (AT, - AT,)R,.;
dt ﬁST,wS ﬁ:%TuS ﬂSTuS

dAT, _ CllRBl Ao, —(CAI.QBQ +&T1*JACD3 _ Réaw; AT,
dt Js sk o,

where @;, @,, @, - initial values of the angular velocity;

T, T,, T, -initial values of relative tensions.

. . 1 _.
In the system of equations (7) assuming that —T, << 0
3'3
1

and T, <<0 can be considered fair approximate

171

equality

[l+iT;J ~1
C3I3

The system of equations (7), taking into account the
accepted assumptions in (8), takes the form

@+2Lnjzl (8)

c,l
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da
O _ L M-t a1 (AT, AT R,
dt ﬂlT.wl ﬂlTnl ﬂlTwl
dATZ — CZ-RBZ Aa)z _ CZ -RBl Aa)l _ RBla); ATZ '
dt I I 5l
da
D 1 M, oAM= (AT, -AT,R,,;
dt ﬂZTuZ ﬂZT.uZ ﬂZTuZ (9)
dATa — CaBss Aa)a _ CaBm Aa)z _ Rr-azw; ATS :
dt I, I Il
da
O L ot AM L (AT, —AT R,
dt ﬂaT,uS ﬁa T,wa ﬂSTmS
dATl _ Cil-qm Awl _ Cl-RBB Aa)3 _ R?sw; ATl .
dt s Js 5,
The mathematical description of the three-motor

asynchronous electric drive of belt conveyor with frequency
converters, based on (1), taking into account the resulting
system of equations (9), is represented by the following
system of equations.
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GAG, _ | AM, — K AM, 4k, (AT, ~ AT

M
ditlng%{J%A@—hAMg
dAw,

dt == ksAuR51 - kGAwﬂl;
dAdutRSl =k,(AM, —AM, )~ k,(AM, - AM )+ k, (AM, — AM ) + k AT, —k AT, + kAT, —k Aw, + k Aw, +k Ao, +k Au;
dAT, =k.Aw, -k Aw — kAT, ;

dt
dif)z = kZOAMZ - keuAMcz + kZl(AT3 - AT? );

M
dAdt = K Awy, — K Aw, — K AM;
dAw,

dt = k24AuRs2 - kz5Awoz; (10)
dA(;JtRSZ = kye(AM, =AM ) = k,,(AM, — AM , )+ k,o(AM, — AM ) + K, AT, + k, AT, —k, AT, + kA0, — kAo, + kAo, + Kk Au;
dﬁ} = kAo, — K, Aw, — K AT, ;
08D, _ | AM, —K AM., + K, (AT, - AT,)

M.
dAdt = K Awy, —KAw, — K AM
% =K, Algg, — K, A0,

dt
dAletR53 =k,o(AM, =AM )= k,o(AM, =AM, )+ K,,(AM,, =AM, )= K AT, + K, AT, + kAT, + kAo, + kA0, -k A, +k,Au;
dAtTl = kSSAwl - kSBsz - k57AT1 :

where ki,..., ksz — coefficients entered to simplify the form of the mathematical model,
are presented in Table 1 below.

Table 1. Parameters of the electric drive of the three-motor asynchronous electric drive of belt conveyor
Parameter Value

Mechanical characteristics stiffness

B, = B, = B3 =1098.039

Electromechanical time constant, s

r,=7,=T, =0.344

M

Radius of drive drums, m

R, =R,, =R, =0.645

Electromagnetic time constant, s

T, =T.,=T.,=0086

Gear ratios PCh1-3

kPChZ = kPCh3 = kPCh3 =2

Time constants PCh1-3, s T ey =T ocny =T oy =0.001
Gear ratios RS1-3 Kesy = Kis, =Kpsy =20
Feedback coefficients of velocity mismatch M1-3 Kemir =Kemiz =Kipmss =0.6

Feedback coefficients of velocity

ks.fl = ks.fz = ks.f3 =04

Time constants RS1-3, s

Tosy =Trg, =Tpes =0.1

The stiffness of the rubber conveyor belt

¢, =C, =C, =500000

The distance between the first and third motor through

a loaded branch, m |, =1980
The distance between the first and second motor, m L =1,=5
The transmission gear ratio h=1,=15,=20

Ideal angular velocity M1-3, rad/s

o, =w, =w, =157

902

The above Table 1 takes into account the identity of the electric motors of the three-motor system.
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Table 2 presents the expressions and numerical values of the coefficients ki, ..., Ks7

Table 2. Expressions and numerical values of the coefficients ki,..., Ksz

K, =k, = ————0.003; k,, =k, =——=0.003; k,, =k, = ——— = 0.003;
17 Ml 37 M3 2% m2
R R R
K, =—2 =0.002; K, =—2=0.002; K, =—22=0.002;
17wl 3% m3 27 M2
k, =k, =L —12767.895, k, =k, == —12767.895, k, =k, =L _12767.895;
TEl E2 E3
k=L —11.628; K, =1 —11.628; k, =1 —11.628
TE1 T TE3
kPChl . kPChZ . kPCh3 .
K, =—FL = 2000; K,, =—222 = 2000; K,, =222 = 2000;
TPChl TPChZ TPCh3
k, = —1000; K, = ——— = 1000; K, =—1 =1000;
PCh1 TPChZ TPCh3
Koo, K Koo, K KooK
k7 — RSl s.m.fl — O 032 k26 — RS2 's.m.f1 — 0032, k47 — RS3 s.m.f2 — 0 032
ﬂZ M2 ﬂlT.nl ﬁZ M2
Koo, K KooK KoK
k9 — RS1''s.m.f3 — 0032, k45 — RS3 's.m.f3 — O 032 k28 — RS2 " 's.m.f2 — O 032
ﬂBT,ufi ﬂl Ml ﬂS M3
k k k
k14 —_sm f1 — 6, k32 — s.m.f1 — 6, k51 — s.m.f3 — 6,
TRSl TRSZ TRS3
k k k
k15 — ;m,fa — 6 k34 — 7s-;m,fz — 6, k52 — ;m.fz — 6
RS1 RS2 RS3
k13 — ks.m.fl + ks.m.f3 + ks f1 :16, k33 — ks.m.f2 + ks.m.fl + ks.f2 :16, k53 — ks.m.fB + ks.m.fz + ks.f3 :16,
TRSl TRSZ TRS3
k, = =10, k,=—1 —10; k,=—1 —10;
TRSI TRSZ TRSB
K, = SR _16125; k,, = SRes _ 16105, k,, = SR _ 16105,
JZ JZ 13
Kk, = SRe 16125, K, = SRe _16125; k,, = %Res _ 16105,
Jl JZ J3
k, =R _1 0126, k= Re® _1 0126, k= Res® _ 0005,
JlIZ JZI3 J3I1
k8 — kRSl(ks,m.fl + ks m. f3 ks.fl) — 0085, kl1 — kRSlks m.f1 BZ + kRSl(ks.m f1 + ks m. f3 ks,fl)RBl — 0075,
ﬂl Ml ﬂZ M2 ﬂl Ml
k — kRSZ(ks‘m‘fz +ksmfl ks,fZ):O 085 k kRSiksmTS B3 + kRSl(ks,mf1+ksmf3 ks,fl)RBl 20075
v ﬁZ M2 " ﬂS m3 IBI ml
Koo (K +k +k Koo, K Kps, (K +K..0tk R
k46 — RS3( s.m.f3 s.m.f2 Sf3)20085, k30 __ 'RS27's.m.f1 Bl + RSZ( s.m.f2 smfl 5.12) B2 20075,
ﬁS M3 ﬁl ml ﬂZ M2
_ kRSlksmfl B2 _ kRSlksme B3 :O k _ kRSstm f2 BS + kRSZ(ks.m.fZ +ksmfl ks.fZ)RBZ :0075
o IBZ M2 183 ’ s ﬁS M3 ﬂZT,uZ . ,
k29 _ kRszks m. f2 BS kRszks m.f1 Bl — 0’ k48 _ kRSSksm 3" "Bl + kRSS(ks‘m,f3 + ks m. f2 ks,f3)RB3 — 0075’
ﬂS M3 181 Ml ﬂl Ml 183 M3
10 kRSB;S m.f3 Bl kRS3;s m.f2 BZ _ 0’ ” kRSS;s m.f2 BZ + kRS3(ks.m f3 +ﬂks m.f2 ks.fﬁ )RBS _ 0.075,
1 .\11 2 .\:2 2 ,uZ 3 .;13
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The equations of motion of a multi-motor asynchronous electric drive of belt conveyor will have the form of a system of equations
(11), where, for convenience of calculation, the transformations of variables x; of the system of equations (10) are adopted, in
accordance with Table 3.

Table 3. Transformations of variables x; of the system of equations (10)

Aay =x(); Aw, = x(B); Aw, = x(11);
M., = x(2); M, =x(7); M., = x(12);
Aaw,, = X(3); Aaw,, = X(8); Aaw,, = X(13);
Augg, = X(4); Augg, = X(9); Au,, = X(14);
AT, = x(5); AT, = x(10); AT, = x(15).

px(1)=k1x(2)+kox(5)—kox(15);

px(2)=—ksgx()—kgx(2) +k3x(3);

pX(3)=—kgX(3)+k5x(4);

px(4)=—Kq3X(1)—kgx(2)—kq 1X(5)+K14X(6)+k7x(7)+k1 0 X(10)+k1 5X(L D) +kgx(12)+K1 2X(15)+K1 AU 5;
px(5)=—k18X(1)—k19x(5)+k17X(6);

px(6)=—k21x(5)+k20x(7)+k21x(10);

px(7)=—ke1x(6)—k23x(7)+k22X(8);

PX(8)=—k25x(8)+k24X(9); (11)
Px(9)=k32x(1)+k26X(2)+k30X(5)-k33%(6)—k27X(7)—k31X(10)+k34X(11)+k2gX(12)+k29X(15)+k35AU5;
px(10)=—k37x(6)—k3gx(10)+k3x(11);

px(11)=—k40x(10)+k39x(12)+k40x(15);

px(12)=—kg3x(11)—kg2x(12)+kg1x(13);

px(13)=—k44x(13)+k43x(14);
px(14)=k51x(D)+k45%(2)+k49X(5)+k52X(6)+k47X(7)+k50X(10)—k53X(11) k46 X(12)—k48X(15)+k54AU 5;
px(15)=k55x(1)—-kseXx(11)—ks7X(15).

One of the main tasks of optimal control is the selection of a process quality criterion. In our case, the most acceptable criterion
for the quality of transient processes is the integral criterion for the quality of the form:

Q=%j(ixf+cuzjdt, (12)

where ¢ — weight coefficient of control.

The selected optimality criterion is an integral optimality criterion, the parts of which prohibit the long existence of the deviation
x; [3], which corresponds to the requirement of the technological process of the conveyor.

According to the maximum principle method, the function H for the system is written in the form:
12
H= % P{Z X2 +cu ) +P[k,x(2) + k,x(5) — k,x(15) |+ P, [ kyx(1) —k,x(2) + k,x(3) |+
i=1

P,[- k. X(3) + k,x(4) ]+ P,[- k ,x(1) — k,x(2) — k X(5) + k ,x(B) + k, X(7) +

k,oX(10) + k x(12) + k,x(12) + k ,X(15) + k,,Au, |+ P.[- k;x(1) — k,,X(5) + k,,x(6)] +
P.[- K, X(5) + K,oX(7) + K, X(10) ]+ P, [ k, X(6) — k,.X(7) + k,,x(8) ]+

P,[- k,oX(8) + K, X(9) |+ P, [k, x(1) + K, X(2) + K, X(5) — k,,X(6) — K, x(7) —

K, X(10) + K, X(11) + kX (12) + K, X (15) + K, Au, |+ Py [ k,,x(6) — K, x(10) + k, x(11) ] +
P.[- K, x(10) + k,,x(12) + k, x(15) |+ P, [~ k,,x(11) —k,,x(12) + k,,x(13) ]+

P [ ko x(@3) + k, x(14) ]+ P, [k, X (@) + K, X(2) + K, X(5) + ko, X(B) + k., x(7) +

kyoX(10) — k., X(11) — k,X(12) — k ;X (15) + k,,Au, ]+ P, [k, x(1) — k. x(11) — k., x(15)]

(13)
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where P; — coordinates of the conjugate system, P, =-1.

Conjugated system will look like, assuming here that

dP o
e @
dp,  oH
d_tl = _a =X+ ksgpz + k13P4 + k18P5 - k32P9 - k51P14 - k55P15;
dP oH
d_t2 = _67 =X- k1P1 + k4P2 + kaP4 - kzspg _k45P14;
2
dP. oH
W o TR kR
3
Xy
dP oH
d_t5 = _87 =X = k2P1 + k11P4 + k19P5 + k21P6 - k30P9 - k49Pl4;
5
dP oH
d_te = _87 =X, — Ky P, =K P+ ke P+ Ko Py + K Py — KR
6
dp,  oH
d_t7 = _(37 =X - k7P4 - kzops + k23P7 + k27pg - k47Pu;
7
dp,  oH
d_::_aTZXs_k22|37+k25|Dt); (15)
]
dP. oH
w e, TR
9
% = _STH =X~ klOPA - k21pe + k31Pg + ksapw + kAUPll - ksopu;
0
dP oH
d_t11 = _a =X, - k15P4 - k34P9 - k36P10 + k63P12 + k53Pl4 + ksspls;
1
dP oH
d_t12 = _a =X, kQPA - kzspg - k39P11 + k42P12 + kAGPIA;
2
dP oH
d_tls = _a =X~ k41P12 + k44P13;
3
dP, oH
d_t1 = _a =X, k43Pls;
4
dP oH
d_t15 = _E =Xt k2P1 - k12P4 - kzgpg - k40P11 + k48P14 + k57|315'
5
The final values of P; will be written:
R(T)=0, (i=115) (16)
The specified initial conditions of system (11) for x; will be:
x(0)=x" (17)
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The control action u is chosen in such a way that at each moment of time the function A is maximal. To do this, equating the

derivative aa—H to zero, find the optimal value of u, which is written in the form
u

1
u= E(klep4 +k35P9 +kg,P, ) (18)

54" 14

Before considering the question of determining the control u, calculate the initial conditions of the system of equations (13), the
matrix of coefficients of which is given below.

0 k1l 0 0 k2 0 0 0 0 0 0 0 0 0 -k2
-k59 -k4 k3 0 0 0 0 0 0 0 0 0 0 0 0
0 0 -k6 k5 0 0 0 0 0 0 0 0 0 0 0
-k13 -k8 0 0 -k11 k14 k7 0 0 K10 k15 k9 0 0 k12
-k18 0 0 0 -k19 K17 O 0 0 0 0 0 0 0 0
0 0 0 0 -k21 0 k20 0 0 K21 0 0 0 0 0

A =10 0 0 0 0 -k61 -k23 k22 0O 0 0 0 0 0 0
0 0 0 0 0 0 0 -k25 k24 0 0 0 0 0 0
k32 k26 O 0 k30 -k33 -k27 O 0 -k31 k34 k28 O 0 k29
0 0 0 0 0 -k37 0 0 0 -k38 k36 O 0 0 0
0 0 0 0 0 0 0 0 0 -k40 0 k39 0 0 k40
0 0 0 0 0 0 0 0 0 0 -k63  -k42 k41 O 0
0 0 0 0 0 0 0 0 0 0 0 0 -k44 k43 0
k51 k45 0O 0 k49 k52 k47 O 0 K50 -k53 -k46 0 0 -k48
k55 0 0 0 0 0 0 0 0 0 -k56 0 0 0 -k57

The program for calculating the initial conditions of the variables is shown in Fig. 2.

B Editor - C:\Program FilesWMATLAB71\work\MAEPSYLKnachusl.m

File Edit Text Cel Tools Debug Desktop window Help A x
File Edit Debug
A IR LA kL e e BmDE &0 L mE
1- k1=0.003; K20=0.003; K39=0.003; k2=0.002; K21=0.002; = =
2 - K40=0.002; k3=12767.895; k59=12767.895; k22=12767.895; k61=12767 895; | Shorcuts >
3 - kd1=12767.895; k63=12767.895; kd=11.628; k23=11.628; k42=11.528; ~
4 - K5=2000; k24=2000; k43=2000; k&=1000; k25=1000; Z=
5- k44=1000; k7=0.032; k9=0.032; k26=0.032; k28=0.032;
6 - k45=0.032; k47=0.032; k8=0.085; k27=0.085; k46=0.085; 55.0000
7 - Kl0=0; k28=0; k49=0; k11=0.075; k12=0.075; 0.6000
8- Kk30=0.075; k31=0.075; kd8=0.075; k50=0.075; k13=186; :
9 - k33=16; K53=16; k14=6; K15=6; | k32=6; 25.0000
10 - k34=6; k51=6; k52=6; k16=10; k35=10; 12.5000
11 - K54=10; k17=16125;  ki18=16125,  k36=16125; k37=16125; -0.0000
12 - k55=16125;  k56=16125; k19=1.0126; k38=1.0126;  k57=0.0003; 25 0000
13- A=[0k100k2000000000-k2:-k59-k4 k30000000000 00;... 20,0000
14 00-k6k500000000000:-k12-kBO 0-k11 k14 k7 0 0k10k15 k90 0 Kk12;... :
15 k18000-k19Kk17000000000:0000-k21 0k2000k21 0000 O;... 25.0000
16 0000D-k61-k23k220000000;0000000-k25k240000 0 0;... 12.5000
17 k32 k26 0 0 k30 -k33 -k27 00 k31 k34 k28 00 k29,0 0 00 0-k37 000 ... 0.0000
18 k38k360000;000000000-k400k3900k40;0000000000 ... 25 0000
19 k63 k42 k41 00;0000000 00 00 O -k44 k43 0:k51 ka5 0 0 k49 k52... 0.0000
20 kd7 00 k50 -k53 k46 0 0 -k48:k550 000000 00 k56 0 0 0 -k57]; :
21 - B=[0;0;0;-100;0:0;0:0-100;0:0;0;0;-100;0]; 25.0000
22 - Z=inw(A)'B 12.5000
k. +f -0.0000
MAEPSWLK.m* ®  MAEP.m* ® | MAEPSVLKNachuslm kS
seript Ln @ Col o [4\ Etal't]

Fig. 2. The initial conditions of the variables of the system of equations (13).
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The first value (z=) is the value of the initial condition of
the variables of system (11).

Optimal control u is determined by the algorithm of the
method of successive approximations, the block diagram of
which is presented in Fig. 3.

I11. I. Description of the algorithm flowchart

The first block of the optimal control calculation of
algorithm flowchart describes the initial data:

a) the coefficients of variable differential equations of the
transition process of a multi-motor electric belt conveyor —
ki;

b) the initial conditions of the differential equations of the
transition process (x;), and the final conditions of the
conjugated system of differential equations ( 2, (7));

¢) the accuracy of the solution (e) and the number of
iterations (N).

In the second block of the algorithm, the initial control
approximation (qy(i)) is specified.

In the third block of the algorithm, the differential equations
(x,(i)+x,(i)) are calculated with optimal control qy(i), first
given by constant values qy(i)=0.001. The calculation is
made according to the finite difference scheme.

In the fourth block of the algorithm, the variables (
P, (i)=P,(i)) of the conjugated system of differential

equations are also calculated according to a finite difference
scheme.

In the fifth block of the algorithm, optimal control gh(i) is

calculated taking into account the control weighting factor
C.

In the sixth block of the algorithm, the value of the absolute
difference of the given initial approximation of the control
and the obtained control value is determined during its
calculation.
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In the seventh block of the algorithm, a check on the end of
the count is performed according to the condition:

a) if the absolute difference of the initial and final controls is
greater than the predetermined accuracy of this difference,
then the process of reassigning the initial and final controls
qy(i)=gh(i) with the transition to the third block of the

account is carried out:
b) if the absolute difference of controls is less in front of the

specified accuracy value (e), then the process of displaying
the result of the account (u(i)) and stopping it is performed.

In the eighth block of the algorithm, the control is
reassigned, i.e. the current control is equated with the value
of the initial control and the counting starts again from the
third block (Fig. 3).

entry of
initial data
k,x, PN, e

X=Xt t'f;(xll‘ le""-xly)
XigpuiT Xyt LS Xy Xy)

N o YES | |
I<=N v
I=I+1 =i v®
) N . X=Xt 1 (G Xy Xy)
I=I+1
YES

|
|j| m
7

By =ty Byt)
By=-t- (xz(ﬂn'”;(m +.)

Bso=-t-(rsuit Bsort )
]

ghtePut bbby
c

| —

® ¥
s=3lgh,- gyl

®

Fig. 3. Algorithm flowchart for calculating the optimal
control u(t)




International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 12, Number 6 (2019), pp. 899-911

© International Research Publication House. http://www.irphouse.com

The algorithm program is shown below (Fig. 4), which is
written in the algorithmic language of the MATLAB system.

N=input('N=");

t=0.001;
e=0.001;
k1=0.003; k2=0.002; k3=12767.895; k4=11.628; k5=2000; k6=1000;
k7=0.032; k8=0.085; k9=0.032; k10=0; k11=0.075; k12=0.075;
k13=16; k14=6; k15=6; k16=10; k17=16125; k18=16125;
k19=0.9998; k20=0.003; k21=0.002; k22=12767.895; k23=11.628; k24=2000;
k25=1000; k26=0.032; k27=0.085; k28=0.032; k29=0; k30=0.075;
k31=0.075; k32=6; k33=16; k34=6; k35=10; k36=16125;
k37=16125; k38=0.9998; k39=0.003; k40=0.002; k41=12767.895; k42=11.628;
k43=2000; k44=1000; k45=0.032; k46=0.085; k47=0.032; k48=0.075;
k49=0; k50=0.075; k51=6; k52=6; k53=16; k54=10;
k55=16125; k56=16125; k57=0.0025; k59=12767.895; k61=12767.895; k63=12767.895;
M=N+1;
fori=1:M

qy(i)=0.001;
end;
x1(1)=25; x2(1)=0; x3(1)=25; x4(1)=12.5; x5(1)=0;
x6(1)=25; x7(1)=0; x8(1)=25; x9(1)=12.5; x10(1)=0;
x11(1)=25; x12(1)=0; x13(1)=25; x14(1)=12.5; x15(1)=0;
p1(M)=0; p2(M)=0; p3(M)=0; p4(M)=0; p5(M)=0;
p6(M)=0; p7(M)=0; p8(M)=0; p9(M)=0; p10(M)=0;
p11(M)=0; p12(M)=0; p13(M)=0; p14(M)=0; p15(M)=0;
i=1;
while (i<=N)

fori=1:N

x1(i+1)=t*(k1*x2(i)+k2*x5(i)-k2*x15(i))+x1(i);
X2(i+1)=t*(-k59*x1(i)-k4*x2(i)+k3*x3(i))+x2(i);
x3(i+1)=t*(-k6*x3(i)+k5%x4(i))+x3(i);
x4(i+1)=t*(-k13*x1(i)-k8*x2(i)-k11*x5(i)+k14*x6(i)+k7*x7(i)+k10*x10(i)+k15%*x11(i)+k9*x12(i)+k12*x15(i)+k16*qy(i))+x4(i);
x5(i+1)=t*(-k18*x1(i)-k19*x5(i)+k17*x6(i))+x5(i);
X6(i+1)=t*(-k21*x5(i)+k20*x7(i)+k21*x10(i)) +x6(i);
x7(i+1)=t*(-k61*x6(i)-k23*x7(i)+k22*x8(i))+x7(i);
x8(i+1)=t*(-k25*x8(i)+k24*x9(i))+x8(i);
x9(i+1)=t*(k32*x1(i)+k26*x2(i)+k30*x5(i)-k33*x6(i)-k27*x7(i)-k31*x10(i)+k34*x11(i)+k28*x12(i)+k29*x15(i)+k35*qy(i))+x9(i);
x10(i+1)=t*(-k37*x6(i)-k38*x10(i)+k36*x11(i))+x10(i);
X11(i+1)=t*(-k40*x10(i)+k39%*x12(i)+k40*x15(i))+x11(i);
x12(i+1)=t*(-k63*x11(i)-k42*x12(i)+k41*x13(i))+x12(i);
x13(i+1)=t*(-ka4*x13(i)+ka3*x14(i))+x13(i);
x14(i+1)=t*(k51*x1(i)+k45*x2(i) +k49*x5(i)+k52*x6(i)+k47*x7(i)+k50*x10(i)-k53*x11(i)-k46*x12(i)-k48*x15(i)+k54*qy(i))+x14(i);
x15(i+1)=t*(k55*x1(i)-k56*x11(i)-k57*x15(i))+x15(i);
end;
for j=1:N
i=M-j;
L=i+1;
p1(i)=-t*(x1(L)+k59*p2(L)+k13*p4(L)+k18*p5(L)-k32*p9(L)-k51*p14(L)-k55*p15(L))+p1(L);
p2(i)=-t*(x2(L)-k1*p1(L)+k4*p2(L)+k8*p4(L)-k26*p9(L)-k45*p14(L))+x2(L);
p3(i)=-t*(x3(L)-k3*p2(L)+k6*p3(L))+p3(L);
p4(i)=-t*(x4(L)-k5*p3(L))+p4(L);
p5(i)=-t*(x5(L)-k2*p1(L)+k11*p4(L)+k19*p5(L)+k21*p6(L)-k30*p9(L)-k49*p14(L))+p5(L);
p6(i)=-t*(x6(L)-k14*p4(L)-k17*p5(L)+k61*p7(L)+k33*p9(L)+k37*p10(L)-k52*p14(L))+p6(L);
p7(i)=-t*(x7(L)-k7*p4(L)-k20*p6(L)+k23*p7(L)+k27*p9(L)-k47*p14(L))+p7(L);
p8(i)=-t*(x8(L)-k22*p7(L)+k25*p8(L))+p8(L);
pO(i)=-t*(x9(L)-k24*p8(L))+p9(L);
p10(i)=-t*(x10(L)-k10*p4(L)-k21*p6(L)+k31*p9(L)+k38*p10(L)+k40*p11(L)-k50*p14(L))+p10(L);
p11(i)=-t*(x11(L)-k15*p4(L)-k34*p9(L)-k36*p10(L)+k63*p12(L)+k53*p14(L)+k56*p15(L))+p11(L);
p12(i)=-t*(x12(L)-k9*p4(L)-k28*p9(L)-k39*p11(L)+k42*p12(L)+k46*p14(L))+p12(L);
p13(i)=-t*(x13(L)-k41*p12(L)+k44*p13(L))+pl3(L);
p14(i)=-t*(x14(L)-k43*p13(L))+p14(L);
p15(i)=-t*(x15(L)+k2*p1(L)-k12*p4(L)-k29*p9(L)-k40*p11(L)+k48*p14(L)+k57*p15(L))+p15(L);
end;
fori=1:M
gh(i)=(k16*p4(i)+k35*p9(i)+k54*p14(i))/10000000;
end;
s=0;
fori=1:M
s=s+abs(qh(i)-qy(i));
end;
if s<=e
break;
end;
fori=1:M
ay(i)=qh(i);
end;
i=i+1;
end;
disp([' t ', Control values']);
disp([' 2 0 ;
for i=1:N
j=M-i;
u(l)=ah@);
fprintf('%9.0i %15.3f\n",i, u(j));
end;

Fig. 4. The program for calculating the optimal control of the electric belt conveyor
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According to the obtained values, the control curve is plotted, The optimal control signal curve, obtained in Fig. 5, is
shown in Fig. 5. described by a second-order equation, which has the form
[10]:
2
W[ T T T T T = mgrlenlgeye 19

VA S ........ ........ ........ ........ ........ ........

5 5 : 5 : f : : where the time constants z,, z, and the constant K can be
determined by the graph-analytical method or the method of
AN. Krylov.

The transfer function of the optimal curve of the control signal
has the form [11]:

|8 ....... ........ ........ » ,,,,,,,, Uys(P) k
”manm o u) e D) )

. The resulting transfer function on the optimal curve of the
t,s control signal determines the optimal law of control of a

Fig. 5. The optimal control signal curve multi-motor asynchronous electric drive of synchronous

rotation with the frequency converters of the belt conveyor.

For the study of transients with a control signal u, which is
described by equation (20), in accordance with Fig. 6, the
model has been compiled.
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Y |1nga.039|l - 1
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Fig. 6. Model in Matlab of three-motor asynchronous electric belt conveyor with optimal control
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The oscillograms of the master signal u, the angular velocities Aw1, Am2, Aws, moments M1, My, M3 are shown in Fig. 7 and 8.

AUz’
v
AUzad=9.792

0

AUzad=11.09

AUzad=13.06

t,s

0 1 2

3

a B 6 7

Fig. 7. Oscillograms of the general master control of the model of the multi-motor
asynchronous electric drive of belt conveyor with optimal control
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Fig. 8. Oscillograms of the moments and angular velocities of the model of the multi-motor
asynchronous electric drive of belt conveyor with optimal control

In the process of modeling, the values of the static moments
of asynchronous motors are selected in the same way as
shown in Fig. 8, a.

The simulation results show that the control signal, depending
on the static loads of the motors, varies according to Fig. 5.
The resulting control equation improves the quality of
regulation. The resulting model allows a smooth start, as well
as a smooth control of the speeds of the multi-motor
asynchronous electric drive of synchronous rotation with the
frequency converter of belt conveyor.

IV. CONCLUSIONS

As a result of the research, the mathematical model of the
three-motor asynchronous electric drive of synchronous
rotation with the frequency converter of belt conveyor was
developed, which takes into account feedbacks on the
mismatch of motor speeds, as well as the relationship of
conveyor drive drums through a conveyor belt with a certain
tension value. The resulting model ensures the synchronous
rotation of the electric motors of the system, thereby ensuring
the service life of the belt conveyor. The optimal control law
as a function of time is determined, ensuring smooth start and
braking, reducing the cost of electricity during the transition
of the conveyor from one mode to another. To implement the
tasks of optimal control of a multi-motor electric belt
conveyor, the Pontryagin L.S. principle method is applied.
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The algorithm and program for calculating the optimal control
of the multi-motor asynchronous electric drive of synchronous
rotation with the frequency converter of belt conveyor were
compiled and the “S” shaped optimal control curve was
determined. The functionality of modern industrial frequency
converters makes it possible to successfully implement the
obtained optimum acceleration curve of a three-motor
asynchronous electric drive of belt conveyor.
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