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SYNTHESIS OF THE LAW OF TERMINAL CONTROL OF ELECTRIC 

DRIVE STOP BY THE SDRE METHOD 

V.G. Kozyrev 

The law of terminal speed control of an electric drive with a DC motor of 

sequential excitation is constructed by applying the SDRE method. The peculiarity 

of the problem is the nonlinear nature of the dynamics of the electric drive. The 

known methods of analytical design of regulators are not suitable in this case. 

The application of the SDRE method made it possible to find a terminal control 

mechanism that works on the feedback principle and ensures a uniform and rapid 

reduction in the speed of the drive up to its stop in a given time. 

Key words: terminal control, SDRE method, nonlinear systems, electric 

drive, sequential excitation. 
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A;CG09=KE 2>7459AB289. �AA;54>20=8N =5;8=59=KE :>;510=89 
<5E0=8G5A:8E A8AB5< ?@8 45B5@<8=8@>20==KE 8 A;CG09=KE 2>7459AB28OE 
?>A2OI5=K @01>BK [10,19] 8 4@C385. (07>2K5 4803@0<<K ?>72>;ONB 
2KO28BL >A>1K5 B>G:8 CAB>9G82>3> 8 =5CAB>9G82>3> 48=0<8G5A:>3> 
@02=>25A8O A8AB5<. 

�AA;54>20=8N >?B8<0;L=KE C?@02;5=89 :>;510=8O<8 >1J5:B>2 
?>A2OI5=K @01>BK [1-17]. 

�.�. +51>:A0@>2K< ?@54;>65=0 >@838=0;L=0O <0OB=8:>20O 2>;=>20O 
M=5@3>CAB0=>2:0 [18], ?@54?>;030NI0O 8A?>;L7>20=85 @57>=0=A0 2 
=5;8=59=>9 A8AB5<5. '?@>I5==0O 48=0<8G5A:0O <>45;L 2>;=>2>9 
M=5@3>CAB0=>2:8 ?@82545=0 2 [19].  0OB=8: 3 @01>G55 725=> 
M=5@3>CAB0=>2:8, 2 ?5@2>< ?@81;865=88 53> <>6=> @0AA<0B@820BL :0: 
A8AB5<C A >4=>9 AB5?5=LN A2>1>4K ?@8 A;>6=KE (45B5@<8=8@>20==KE 8 
A;CG09=KE) 3>@87>=B0;L=KE 8 25@B8:0;L=KE 2>7<CI5=8OE <>@O. 

� =5;8=59=>9 A8AB5<5 =5 8A:;NG05BAO B0:65 ?>O2;5=85 
AC130@<>=8G5A:8E :>;510=89. � A;CG05 25@B8:0;L=>3> 2>7459AB28O 
2>7<>65= ?0@0<5B@8G5A:89 @57>=0=A A ?>B5@59 48=0<8G5A:>9 
CAB>9G82>AB8. �>AB865=85 CAB>9G82>3> 42865=8O 0:BC0;L=> 4;O 
>15A?5G5=8O AB018;L=>9 @01>BK M=5@3>CAB0=>2:8. 
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Ц5?P <EE?54B64A<= 3 >F5=:0 2=CB@5==8E 48=0<8G5A:8E CA8;89 2 
M;5<5=B0E AB5@6=52>9 :>=AB@C:F88 ?@8 :>;510=8OE <0OB=8:0 :0: 
<5E0=8G5A:>3> 8A?>;=8B5;L=>3> >@30=0 2>;=>2>9 M=5@3>CAB0=>2:8. 

�8=0<8:0 <0OB=8:0 =0 ?@8<5@5 <0OB=8:>2>9 2>;=>2>9 
M=5@3>CAB0=>2:8 �.�. +51>:A0@>20 [18] >B@0605B F8:;8G5A:>5 =03@C65=85 
AB>5: @0<=>9 AB5@6=52>9 :>=AB@C:F88 ?>425A0 <0OB=8:0 ($<E.1).  

 

$<E.1 – 'CDBM9AA4S EI9@4 QA9D7BGEF4AB6><: 1, 2 – GCDG7<9 EF9D:A< 
CB869E4; 3 – @4SFA<>. 

 

$<E.2 – %F4F<K9E>B9 D46AB69E<9 G;?4 �. 

�A?>;L7>20=K 4>?CI5=8O: =5ACI85 AB5@6=8, A>548=5==K5 
>A=>20=85< 8 H0@=8@=> ?@8:@5?;5==K5 : =5<C, @01>B0NB B>;L:> =0 
@0ABO65=853A60B85; @0A?@>AB@0=5=85 2>;= =5 CG8BK205BAO; C3;>2K5 
?5@5<5I5=8O <0OB=8:0 ?@54?>;030NBAO <0;K<8 (sin , û cos 1 û ). 

#@54;>65==K9 �.�. +51>:A0@>2K< ?@5>1@07>20B5;L 2>;=>2>9 
M=5@388 A :@C?=>3010@8B=K< A5:B>@=K< <0OB=8:>< 4;O 53> ?@0:B8G5A:>9 
@50;870F88 ?@54?>;0305B A>740=85 A;>6=>9 48=0<8G5A:>9 <>45;8 A 



�8=0<8G5A:85 CA8;8O 2 M;5<5=B0E ?>425A0 ?@8 :>;510=8OE <0OB=8:0 2>;=>2>9 M=5@3>CAB0=>2:8 
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4>AB0B>G=> ?>;=K< 7040=85< 48=0<8G5A:>3> 2>7459AB28O ?@8 CG5B5 
45B5@<8=8@>20==KE 8 A;CG09=KE A>AB02;ONI8E. "4=0:>, =5:>B>@K5 
E0@0:B5@=K5 >A>15==>AB8 48=0<8:8 >1J5:B0 <>3CB 1KBL 2KO2;5=K =0 53> 
?@>AB>9 <>45;8. 

1. 'D46A9A<9 >B?954A<= @4SFA<>4. 
�K=C645==K5 :>;510=8O ?@8 1>:>2>9 :0G:5 ?;02CG59 CAB0=>2:8 

?@54?>;030NBAO 2 2845 ø ùsinex a ptý  , 345 ,a p constý . �8DD5@5=F80;L=>5 
C@02=5=85 :>;510=89 <0OB=8:0 2 MB>< A;CG05 ?@8=8<05B 284:  

 ø ù
2 2

2

2
sin .

d a p
k pt

dt L

  
 ý    (1) 

"1I55 @5H5=85 C@02=5=8O (1) ?@8 =C;52KE =0G0;L=KE CA;>28OE
ø ù ø ùø ù0 0, 0 0 ý ý : 

 ø ù ø ù ø ù ø ù
2

2 2
sin sin .

a p p
t pt kt

kL k p
  ö öý ÷ ÷ ø ø

  (2) 

'3;>20O A:>@>ABL <0OB=8:0 

 ø ù ø ù ø ù ø ù ø ùø ù
3

2 2
cos cos .

a p
t t pt kt

L k p
÷  

ý ý 


  (3) 

2. "CD989?9A<9 EF4F<K9E><I < 8<A4@<K9E><I GE<?<= ($<E.1,2). 
'A8;8O 2 AB5@6=OE ?>425A0 <0B5<0B8G5A:>3> <0OB=8:0 >?@545;ONBAO 

2 ?@54?>;>65=88, GB> AB5@6=8 ?> :>=F0< 70:@5?;5=K H0@=8@=> 8 @01>B0NB 
=0 A60B85. !03@C65=85 A8;>9 G mgý , ?@8;>65==>9 ?> >A8 A8<<5B@88, 
>?8AK205BAO CA;>28O<8 @02=>25A8O ?;>A:>9 A8AB5<K AE>4OI8EAO A8;:  

 

1 2

1

1 2

1

0; sin sin 0;

0; cos cos 0;

n

kx
k

n

ky
k

P T T

P T T G

ñ ñ

ñ ñ

ý

ý

ý  ý

ý   ý

õ

õ
  (4) 

�7 (4) A;54C5B: 1 2
2cos

G
T T T

ñ
ý ý ý . 

�8=0<8G5A:>5 =03@C65=85 >ACI5AB2;O5BAO A8;>9 G mgý  8 
2 cosm l   . 'A;>28O 48=0<8G5A:>3> @02=>25A8O ?@8=8<0NB 284: 
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2

1 2

2

1 2

sin sin sin 0;

cos cos cos 0.

T T m L

T T mg m L

ñ ñ ÷ 

ñ ñ ÷ 

  ý

   ý
  (5) 

$5H5=85 A8AB5<K (5): 

 

ø ùø ù

ø ùø ù

2

1

2

2

cos sin sin cos sin
;

sin 2

sin cos cos sin sin
.

sin 2

m L g
T

m L g
T

÷  ñ  ñ ñ
ñ

÷  ñ  ñ ñ
ñ

   
ý

   
ý

  (6) 

�AE>4=K5 40==K5: ;
4

ðñ ý
 

50 ;m >7ý  29,81 ;@g Eý
 

1 ;L @ý

;
gk

L
ý

 
0,5 ;p ký   2 ;a @ý  

2�
k

ðý . 

#>;CG5=>: 13,13 ;k Eý 11,57 ;p Eý 490G mg !ý ý . 

�@0D8:8 ø ùt  8 ø ùt  87>1@065=K =0 $<E.3. �0 4 A5:C=4K 
>ACI5AB2;O5BAO >4=> ?>;=>5 :>;510=85 <0OB=8:0. !0 $<E.4 ?>:070=K 
:>;510=8O ?@>4>;L=KE CA8;89 ø ù1T t  8 ø ù2T t  2 M;5<5=B0E :>=AB@C:F88.  

 

 
 

  

$<E.3 – �D4H<>< φ(t) < ω(t). $<E.4 – �D4H<>< T1(t) < T2(t). 

 0:A8<0;L=>5 AB0B8G5A:>5 A68<0NI55 CA8;85 2 >4=>< AB5@6=5 
346,8 ,cT !ý  0 48=0<8G5A:>5 5208T !ý . �8=0<8G5A:89 :>MDD8F85=B 

@025= 1,58

E

T

T
 . #@8 MB>< <0:A8<0;L=>5 >B:;>=5=85 <0OB=8:0 max 0,857 ý

8;8 max 49,13 ý Ā . 

�4>?RK9A<9. 
!0945==K5 2=CB@5==85 48=0<8G5A:85 CA8;8O 2 M;5<5=B0E ?>425A0 

<0OB=8:0 ?@8 A>G5B0=88 45B5@<8=8@>20==KE 8 A;CG09=KE 2>;=>2KE 
2>7459AB289 ?>72>;ONB 2KO28BL @50;L=K5 @575@2K =5ACI59 A?>A>1=>AB8 

t, c 

t, c 

ø ùt  

ø ùt÷  

ø ù1T t  

ø ù2T t  

ø ùt  ø ùt÷  
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:>=AB@C:F88 A CGёB>< ?@845;>2 2K=>A;82>AB8 <0B5@80;>2 ?@8 ?>2B>@=>-
?5@5<5==KE =0?@O65=8OE. 

!081>;55 >1I89 0;3>@8B< @0AG5B0 =0 CAB0;>AB=CN ?@>G=>ABL 
>?0A=KE A5G5=89 :>=AB@C:F88 ?>425A0 <0OB=8:0 ?@8 ?5@5<5==KE 
=0?@O65=8OE 2:;NG05B 2KG8A;5=85 MDD5:B82=KE :>MDD8F85=B>2 
:>=F5=B@0F88 ?> =>@<0;L=K< 8 :0A0B5;L=K< =0?@O65=8O< 8 >?@545;5=88 
>1I53> 70?0A0 CAB0;>AB=>9 ?@>G=>AB8 (?> =>@<0;L=K< 8 :0A0B5;L=K< 
=0?@O65=8O<). #@>G=>ABL :>=AB@C:F88 1C45B >15A?5G5=0, 5A;8 
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Using a simplified dynamic model of a wave power plant, the oscillations 

of internal longitudinal forces in the bearing rods of a pendulum suspension under 

horizontal wave effects are studied. The values of periodic dynamic forces make 

it possible to evaluate the strength of the posts in terms of material fatigue. 

Key words: wave power plant, pendulum oscillations, suspension design, 

dynamic internal forces. 
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АAABF4F<O. �OCB?A9AB <EE?98B64A<9 FBKABEF< CB6FBDS9@BEF< CB BE< Z 

@B8G?S A4 54;9 @4A<CG?SFBD4 F<C4 SCARA. "EB59AABEFPR @4A<CG?SFBDB6 
84AAB7B F<C4 S6?S9FES DOK4:A4S E<EF9@4, >BFBD4S B59EC9K<649F 

C9D9@9M9A<9 >BA9KAB7B ;69A4 6 C?BE>BEF< )Y ;4 EK9F 6D4M4F9?PAOI 
CD<6B8B6 DOK47B6 @9I4A<;@4. "C<E4A4 >BAEFDG>J<S @B8G?S A4 54;9 
@4A<CG?SFBD4 F<C4 SCARA, EI9@O <EE?98B64A<S FBKABEF< CB6FBDS9@BEF< 
(CB6FBDAB7B 6OIB84 D45BK97B BD74A4 @4A<CG?SFBD4 A4 FBK>G). #D<6989AO 

D9;G?PF4FO <EE?98B64A<S CB6FBDAB7B 6OIB84 D45BK97B BD74A4 
@4A<CG?SFBD4 A4 FBK>G. 

�?RK96O9 E?B64: @4A<CG?SFBD, SCARA, FBKABEFP, CB6FBDS9@BEFP. 

SCARA (Selective Compliance Articulated Robot Arm  A5;5:B82=K9 
A>G;5=5==K9 @>1>B-<0=8?C;OB>@)  @>1>B, ?> A2>5<C AB@>5=8N 8<5NI89 
?>4>185 G5;>25G5A:>9 @C:8, GB> ?>72>;O5B @01>B0BL 2 >3@0=8G5==>< 
?@>AB@0=AB25 8 A 2KA>:>9 A:>@>ABLN [1-6].  

*9?PR EF4FP< O2;O5BAO 8AA;54>20=85 B>G=>AB8 ?>2B>@=>3> 2KE>40 
@01>G53> >@30=0 <0=8?C;OB>@0 =0 B>G:C (?>2B>@O5<>AB8) 8AA;54C5<>3> 
<>4C;O.  

$0AA<>B@8< :>=AB@C:F8N 8AA;54C5<>3> <0=8?C;OB>@0.  5E0=8G5A:0O 
G0ABL <>4C;O ($<E.1) A>AB>8B 87 A;54CNI8E M;5<5=B>2: >A=>20=8O, 
A2O70==>3> A <>4C;5< ;8=59=>3> ?5@5<5I5=8O PLLM-11-300 ?> >A8 z 

(B01;8F0 1). !0 <>4C;L ;8=59=>3> ?5@5<5I5=8O ?>A@54AB2>< H5AB8 1>;B>2 
:@5?8BAO C3>;>: A CAB0=>2;5==K< =0 =53> ?;0=5B0@=>3> @54C:B>@0 PL57-10 
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%5@2>42830B5;L ?>A@54AB2>< ?;0=5B0@=>3> @54C:B>@0 ?5@5405B 
2@0I0B5;L=K9 <><5=B =0 ?5@2>5 ?;5G>, 70 AG5B G53> ?@>8AE>48B 2@0I5=85 2 
?;>A:>AB8 XY. !0 :>=F5 ?5@2>3> ?;5G0 CAB0=>2;5= A5@2>42830B5;L A 
@54C:B>@><, :>B>@K9 ?5@5405B 2@0I0B5;L=K9 <><5=B 2B>@><C ?;5GC, =0 
:>B>@>5 CAB0=02;8205BAO @01>G89 >@30=. $01>G89 >@30= :@5?8BAO 
?>A@54AB2>< 42CE M;5:B@><03=8B>2 >B:@KB>3> B8?0 " -0730�-24-100%. 

'?@02;5=85 <0=8?C;OB>@>< B8?0 SCARA ?@>872>48BAO ?@8 ?><>I8 
?;0BK :><<CB0F88 PLC5x, : :>B>@>9 ?>4:;NG5=K B@8 4@0925@0 
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A5@2>42830B5;59 LEADSHINE ACS306. %2O7L A :><?LNB5@>< >ACI5AB2;O5BAO 
?>A@54AB2>< :>=B@>;;5@0 PLCM-LPT-2 (8=B5@D59A USB) [7]. 

 
$<E.1 –  B8G?P A4 54;9 @4A<CG?SFBD4 F<C4 SCARA 
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$01>G89 E>4 <>4C;O, << 300 
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 0:A8<0;L=0O =03@C7:0, :3 �>@87>=B0;L=0O CAB0=>2:0 20 
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9283:1998 [8]. #>:070=8O A=8<0;8AL 2 ?OB8 B>G:0E ($<E.3) ?@8 E>45 
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$<E.2 – �EE?98B64A<9 CB6FBDS9@BEF< CB BE< Z 

 
$<E.3 – &BK>< 8?S <EE?98B64A<S CB6FBDS9@BEF< CB BE< Z 

#@8254ё< 40==K5 8AA;54>20=8O 4;O B>G:8 1 ?@8 @07;8G=KE 7=0G5=8OE 
A:>@>AB8 ?>42>40 8 >B2>40 @01>G53> >@30=0 (B01;8F0 2). 
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%:>@>ABL 100% %:>@>ABL 50% %:>@>ABL 10% 

�B5@0F8O 
#>:070=8O 
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1 -3 1 0 1 0 

2 -2 2 1 2 1 

3 -2 3 0 3 0 

4 -3 4 0 4 -1 

5 -3 5 1 5 -1 

6 -3 6 -2 6 1 

7 -3 7 0 7 0 

8 -3 8 1 8 1 

9 -4 9 -1 9 1 
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10 -3 10 -1 10 0 

11 -2 11 1 11 0 

12 -2 12 -1 12 -1 

13 -3 13 1 13 -1 

14 -3 14 1 14 1 

15 -3 15 -1 15 -1 

16 -3 16 0 16 0 

17 -5 17 0 17 1 

18 -3 18 0 18 0 

19 -3 19 -1 19 1 

20 -3 20 0 20 0 

21 -4 21 0 21 -1 

22 -3 22 -1 22 0 

23 -3 23 -1 23 -1 

24 -3 24 -1 24 0 

25 -4 25 1 25 0 

26 -3 26 1 26 -1 

27 -3 27 0 27 1 

28 -4 28 -1 28 1 

29 -3 29 1 29 1 

30 -2 30 -2 30 0 

31 -2 31 -1 31 -1 

32 -2 32 -1 32 -1 

33 -2 33 1 33 0 

34 -4 34 1 34 1 

35 -4 35 0 35 -1 

36 -3 36 0 36 0 

37 -4 37 -1 37 0 

38 -3 38 0 38 -2 

39 -3 39 0 39 0 

40 -3 40 -1 40 0 

41 -3 41 -1 41 -1 

42 -2 42 1 42 -1 

43 -3 43 1 43 0 

44 -3 44 1 44 1 

45 -3 45 0 45 1 

46 -2 46 0 46 -1 

47 -2 47 -2 47 0 

48 -3 48 -1 48 -1 
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49 -2 49 -1 49 -2 

50 -3 50 1 50 -1 
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n
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345 n=50 3 :>;8G5AB2> 8B5@0F89. 
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&45?<J4 3 3 $57C;LB0BK 8AA;54>20=8O ?>2B>@O5<>AB8 ?> >A8 Z. 

!><5@ B>G:8 %:>@>ABL, % #>3@5H=>ABL, <:< 

1 

100 2,94 

50 0,14 

10 0,14 

2 

100 2,86 

50 1,7 

10 1,38 

3 

100 0,26 

50 1,76 

10 1,58 

4 

100 3,2 

50 2,72 

10 2,04 

5 

100 2,12 

50 1,32 

10 0,02 
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The article studies the repeatability accuracy along the Z axis of a module 

based on a SCARA type manipulator. A feature of manipulators of this type is the 

lever system, which ensures the movement of the final link of the manipulator in 

the XY plane due to the rotational drives of the levers of the mechanism. The 

description of the design of the module based on the SCARA type manipulator, 

the scheme for studying the accuracy of repeatability (repeated exit of the working 

body of the manipulator to a point) is given. And also the results of the study of 

the repeated exit of the working body of the manipulator to the point are 

presented. 

Key words: manipulator, SCARA, accuracy, repeatability. 
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STATIONARY CHARACTERISTICS OF A TWO-SERVER LOSS 

QUEUING SYSTEM WITH REGARD TO SERVICE QUALITY CONTROL 

A.I. Peschansky 

The object of the study is a two-server loss queuing system. Poisson 

incoming flow and arbitrary distributions of service times are considered. After 

each request service its quality control is carried out. In case of unsatisfactory 

service quality, the request undergoes recurrent service immediately. The service 

is repeated until it is regarded as satisfactory. The mathematical model of the 

queuing system operation is constructed. The final probabilities and the average 

stationary sojourn times in the system physical states are obtained. 

Keywords: two-server queuing system, service quality control, final 

probabilities of states, average stationary sojourn times in states 
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DECISION SUPPORT SYSTEM FOR MANAGING STRUCTURALLY 

COMPLEX ORGANIZATIONAL AND TECHNICAL SYSTEMS OF SPECIAL 

PURPOSE 

A.A. Polyakov, D.V. Moiseev, E.N. Mashchenko 

The article raises the question of the need to develop a decision support 

system for the management of structurally complex organizational and technical 

systems for military purposes based on a common logico-probabilistic method. 

As a prototype, a general logical-probabilistic method is used in decision support 

systems with the possibility of taking into account the conditions and limitations 

of the systems under study, which are probabilistic in nature, as well as the 

inclusion of additional tools, such as an implicative block represented by a block 

of fulfillment of a given condition and a functional element with a heating display. 

Key words. Methodology for choosing an effective decision strategy, 

decision support system, automation of decision support, general logic-

probabilistic method, modeling, incompatible and joint events. 
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SEMI-MARKOV MODEL OF AN INTELLIGENT DISTRIBUTION 

NETWORK SECTION 

S.M. Sidorov, Yu.E. Obzherin, S.N. Fedorenko  

The electrical network is a complex system consisting of a huge number of 

territorially distributed elements, such as power lines, transformers, substations, 

switching devices, protective devices, etc. In connection with the global 

digitalization and intellectualization of the modern world and the growth in 

electricity consumption, the task of improving electrical networks becomes 

especially relevant. Intelligent digital networks are designed to solve this 

problem. With the help of new technologies, it is possible to upgrade existing 

networks (usually obsolete), which provides an increase in the reliability, fault 

tolerance, flexibility and efficiency of the power supply system, requiring less 

economic costs than a complete replacement of the network. Intelligent digital 

networks are able to automatically change their parameters and control 

equipment and elements. In this article, a semi-Markov model of a section of the 

distribution network of the digital training ground of SevGU, which is an 

intelligent network, is built. The stationary reliability characteristics of the 

considered section of the network are determined. 

Key words: electric power system, distribution network, intelligent digital 

network, digital RES, semi-Markov model, stationary reliability characteristics. 
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?0@0<5B@>2, >:07K20NI8E 2;8O=85 =0 ?>A;54CNICN 0;3>@8B<8G5A:CN 
>1@01>B:C (2KA>B0 AJ5<:8, A:>@>ABL ?>;5B0, A:>@>ABL ?5@542865=8O, 
40;L=>ABL ?5@5E>40 8 4@.) [9]. 

� A2O78 A CA:>@5=85< F8D@>2870F88 @07;8G=KE >1;0AB59 
687=545OB5;L=>AB8 8 @0728B85< 8=D>@<0F8>==KE A8AB5<, 2 B>< G8A;5 
>15A?5G820NI8E ?>445@6:C B@0=A?>@B=>3> >1A;C6820=8O #$�, :>B>@K5 
4>?>;=ONBAO �&%, ���, @0AA<>B@8< >A>15==>AB8 B0:8E 8=D>@<0F8>==KE 
A8AB5<.  

"1>7=0G8< A;54CNI85 284K @5H05<KE 7040G �%#&": 
1. #>445@6:0 @5H5=89 B@0=A?>@B=>3> >1A;C6820=8O (E@0=5=85 
<0@H@CB>2, AE5<K 42865=8O, ?@8=OB85 @5H5=89 >1 87<5=5=88 
<0@H@CB0 8 B.?.); 

2. "@30=870F8>==K5 <5@K (E@0=5=85 8=D>@<0F88 > 48A?5BG5@0E, 
B5E=8G5A:>< ?5@A>=0;5, C?@02;5=85 7040G0<8 A>B@C4=8:>2 8 B.?.); 

3.  >=8B>@8=3 4>@>6=KE ?5@542865=89 (>?5@0B82=K5 :0@BK, 
E@0=5=85 87<5=5==KE <0@H@CB>2, 8=D>@<0F8O A 40BG8:>2 �&% 8 
B.?.); 

4. $0A?>7=020=85 >1J5:B>2 8 A@02=5=85 ?@54<5B>2 =0 :0@B5 
(45B0;87>20==K5 :0@BK, A1>@ 8 @0A?>7=020=85 8=D>@<0F88 A ���, 
D8:A0F8O 8 B5AB8@>20=85 >1J5:B>2 =0 ?CB8); 

5. -:>;>38G5A:89 <>=8B>@8=3 <5AB=>AB8 (4>?>;=8B5;L=K5 7040G8 �&% 
8 ���);  

6. �=D>@<0F8O >B :;85=B>2 (E@0=5=85 8=D>@<0F88, ?>ABC?82H59 >B 
:;85=B>2 =0 <0@H@CB5). 
&0:8< >1@07><, C:@C?=5==0O AE5<0 8=D>@<0F8>==>9 ?>445@6:8 

B@0=A?>@B=>3> >1A;C6820=8O A �%#&" (157 CG5B0 B5E=8G5A:8E 7040G 
C?@02;5=8O 42865=85< ��� 8 �&%) ?@82545=0 =0 $<E.3. 

Д8EC5FG5D �&%

�&% �&% �&%�&%

ПB4E8EF5@а 
GCDав?5A8я

 4в865A85@ �&%

П>4A8AB5ма в7а8м>459ABв8я 
A 48A?5Bч5@>м �Л�

П>4A8AB5ма в7а8м>459ABв8я 
A 48A?5Bч5@>м �&%

�AHBD@4J<BAA4S 
E<EF9@4 CB889D:><
FD4AECBDFAB7B
B5E?G:<64A<S
 (�%#&") 

�Л� �Л� �Л��Л�

Д8EC5FG5D �Л�

ПB4E8EF5@а 
GCDав?5A8я

 4в865A85@ �Л�

ПB4E8EF5@а 
>B@@GA8>аF88

�а7а 
4аAAыE

 
$<E.3 – '>DGCA9AA4S EI9@4 <AHBD@4J<BAAB= CB889D:>< 

FD4AECBDFAB7B B5E?G:<64A<S #$� 
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�0: 284=> =0 $<E.3, �%#&" 8<55B A2O78 A B5E=8G5A:8< ?0@:>< ��� 
8 �&%, 48A?5BG5@A:8<8 F5=B@0<8 8 A>45@68B 2 A>AB025 107C 10==KE (��), 
:>B>@0O 8<55B AB@C:BC@C, AE5<0 D@03<5=B0 :>B>@>9 87>1@065=0 =0 $<E.4. 

#@54;>65==0O <>45;L ($<E.4) A>45@68B A;54CNI85 ACI=>AB8 8 8E 
0B@81CBK: «>?5@0B>@», «<0@H@CB», «48A?5BG5@A:89 F5=B@» (�*), 
«15A?8;>B=>5 B@0=A?>@B=>5 A@54AB2>», «AE5<0 42865=89» 8 «B5:CI89 
<0@H@CB». %>740=K B01;8FK A A>>B25BAB2CNI8<8 A2O7O<8 8 B8?0<8 
40==KE. � B01;8F5 «move_pattern» («AE5<0 42865=89») AD>@<8@>20= 
0B@81CB «>1J5:B» A B8?>< 40==KE blob, 2 40==K9 0B@81CB 1C45B 703@C605BAO 
:0@B0 <5AB=>AB8 ?0@:>2KE 7>=. 

$0AA<>B@8< M;5<5=BK B@51C5<KE >?5@0F89 4;O @01>BK �� �%#&" =0 
>A=>25 >?5@0F89 SQL: 

1. (>@<8@>20=85 <0@H@CB=>3> 42865=8O (CREATE); 

#@8 ?>AB@>5=88 A?>A>10 4>AB02:8 D>@<8@C5BAO <0@H@CB.  
2. �A;8 ?>2B>@=K9 <0@H@CB, B> >1O70B5;L=> >1=>2;5=85 ��. �A;8 
=0 :064K9 <0@H@CB ?>ABC?05B =>20O 7040G0, 157 ?>2B>@=KE 
<0@H@CB>2, B> >1=>2;5=85 :0@B =5 ?@>8AE>48B. %>>B25BAB25==>, 
AB@>8BAO =>2K9 <0@H@CB, A>7405BAO =>2K9 70?@>A : ��. 

3. -:A?>@B <0@H@CB=>3> 42865=8O (EXPORT); 

4. �03@C7:0 <0@H@CB0;  
a. #>4?@>F5AA: 20;840F8O =0 F5;>AB=>ABL, 157>?0A=>ABL; 

5. "1=>2;5=85 :0@BK (UPDATE); 

a. 'A;>285: 5A;8 2K?>;=O5BAO ?>2B>@=K9 <0@H@CB. 
 

 
$<E.4 – %I9@4 BD74A<;4J<< CB8E<EF9@O 54;O 84AAOI 

<AHBD@4J<BAAB= CB889D:>< FD4AECBDFAB7B B5E?G:<64A<S #$� 
 



�=D>@<0F8>==0O A8AB5<0 ?>445@6:8 B@0=A?>@B=>3> >1A;C6820=8O ?0@:>2>3@5:@50F8>==KE 7>= A 
?@8<5=5=85< 15A?8;>B=KE B5E=>;>389 

 

70 

�040G8 >15A?5G5=8O F5;>AB=>AB8 ?@8 :@8B8G=>AB8 ?> >B=>H5=8N : 
=03@C7:5 ��, ?@8>1@5B0NB >A>1>5 7=0G5=85, ?>A:>;L:C 4;O D>@<8@>20=8O 
�� �%#&" =5>1E>48<0 703@C7:0, >1=>2;5=85 :0@B, >1<5= >?5@0B82=>9 
8=D>@<0F859 ?> :0=0;0< 8=D>@<0F8>==>3> >1<5=0 (��"). 

!0 >A=>20=88 ?@0:B8G5A:8E @5:><5=40F89 > ?>AB@>5=88 �� �%#&" 
AD>@<C;8@C5< 7040GC >15A?5G5=8O MDD5:B82=>AB8 2K?>;=5=8O 55 
DC=:F8>=0;0 ?@8 CA;>288 =0;8G8O 42CE ?@8=F8?80;L=> @07;8G=KE 3@C?? 
>1J5:B>2 >15A?5G5=8O: ��� 8 �&%. 

 

2. �484K4 B59EC9K9A<S QHH9>F<6ABEF< 6OCB?A9A<S HGA>J<BA4?4 
E<EF9@O <AHBD@4J<BAAB7B B59EC9K9A<S C4D>B6B – D9>D94J<BAAOI ;BA  

�2545< @O4 >1>7=0G5=89, CG8BK20NI8E =0;8G85 42CE ?@8=F8?80;L=> 
@07;8G=KE 3@C?? >1J5:B>2 >15A?5G5=8O: ��� 8 �&%:  
 Ã 3 >1I0O ?@>872>48B5;L=>ABL ��, min max ,k k Kð ð ð  ý ,  345 minð , maxð 3 
<8=8<0;L=0O 4>?CAB8<0O 8 <0:A8<0;L=0O 2>7<>6=0O 
?@>872>48B5;L=>ABL �� 2 �%#&"; 

 , 1,BLA
iz i Iý  3 7040G0 ?> ?>445@6:5 DC=:F8>=8@>20=8O �LA, 

AD>@<C;8@>20==0O 2 D>@<5 70?@>A0 SQL 87 <=>65AB20 7040G Z, BLA
iz Zþ ;  

 , 1,BTC
jz j Jý  3 7040G0 ?> ?>445@6:5 DC=:F8>=8@>20=8O �&%, 

AD>@<C;8@>20==0O 2 D>@<5 70?@>A0 SQL 87 <=>65AB20 7040G Z, B&%
qz Zþ ; 

BLA BTC
q qz z Z ý ; 

 , 1,BLA
j j Jô ý 3 ?5@8>4 2@5<5=8, 2 B5G5=85 :>B>@>3> @5H05BAO 7040G0 BLA

iz Zþ ;  

0
BLA BLA BLA

j krô ô ô  , 345 0
BLAô , 

BLA
kr 3 =0G0;L=K9 8 :@8B8G5A:89 (:>=5G=K9) 

<><5=BK 2@5<5=8 @50;870F88 70?@>A0 SQL, CG8BK20NI85 B5E=8G5A:85 
2>7<>6=>AB8 0??0@0B0 ���; 

 , 1,BTC
w w Wô ý 3 ?5@8>4 2@5<5=8, 2 B5G5=85 :>B>@>3> @5H05BAO 7040G0 BTC

jz Zþ

;  0
BTC BTC BTC

q krô ô ô  , 345 0
BTCô , 

BTC
kr 3 =0G0;L=K9 8 :@8B8G5A:89 (:>=5G=K9) 

<><5=BK 2@5<5=8 @50;870F88 70?@>A0 SQL, CG8BK20NI85 B5E=8G5A:85 
2>7<>6=>AB8 0??0@0B0 �&% [11]. 

�@><5 B>3>, CG8BK20O 22545==K5 @0=55 ?>;>65=8O >1 >A>15==>ABOE 
?@8<5=5=8O A?5F80;L=KE B8?>2 70?@>A>2, B0:8E :0: M:A?>@B <0@H@CB=>3> 
42865=8O (EXPORT) 8 >1=>2;5=85 :0@B (UPDATE), F5;5A>>1@07=> CG5ABL 
8E >B45;L=>:  

1

( ) ,E OBLA XP RT
iz

1

( )E PBT
j

XC ORTz ; 
1

( )
1 1, 1,EXPORTBLA

i i Iô ý , 
1

( )
1 1, 1,EXPORTBTC

j j Jô ý ; 

2

( ) ,U ABLA PD TE
iz

2

( )U DBT
j

PC ATEz ; 
2

( )
2 2, 1,UPDATEBLA

i i Iô ý ,
2

( )
2 2, 1,UPDATEBTC

j j Jô ý ; 

ø ù ø ù
1 1 1 1

( ) ( ) ( ) ( )EXPORT UPDATE EXPORT UPD TBLA BTC B B A ELA TC
i j i jz z z z Z   ý ; 
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1 2

( ) ( )BTC BTC BTC
k

EXPORT UPDATE
rj jô ô ô ü ; 

1 2

( ) ( )BLA BLA BLA
k

EXPORT UPDATE
ri iô ô ô ü . 

&>340 ?@>872>48B5;L=>ABL �� �%#&" 2 >1I5< A;CG05 >?@545;O5BAO 
A;54CNI8< >1@07><: 

ø ù 

ø ù

( ) ( ) ( )

( ) ( ) ( )

, , , , ( ), , , ( ), ) ,

, , , , ( ), , , ( ), ) ,

BLA
i
BLA
i

BTC
j

BTC
j

z BLA EXPORT BLA UPDATE BLA BLA BLA BLA
i i i i i i i i

z BTC EXPORT BTC UPDATE BTC BTC BTC BTC
j j j j j j j j

F z z z t r t V t

Q z z z t r t V t

ô

ô

ð ý  ø

ð ý  ø

ü ùý ûÿ
ý

ù ùýÿ ûûþ

 (1) 

 

345 ( ), ( )BLA BTC
i ir t r t  3 @5AC@AK 8;8 >?@545;5==K9 @5AC@A, :>B>@K9 

=081>;LH8< >1@07>< 2;8O5B =0 ?@>872>48B5;L=>ABL �� �%#&", =0?@8<5@, 
>1J5< >?5@0B82=>9 ?0<OB8 8 B.?.), 2 <><5=B 2@5<5=8 it , ?@8G5< 

min max( ) ( ) ( )BLA BLA BLA
i i ir t r t r t  ; 

min max( ) ( ) ( )BTC BTC BTC
i i ir t r t r t  . 

ý 3 :>MDD8F85=B, >B@060NI89 A;>6=>ABL �� (G8A;> B01;8F, B8?K A2O759 8 
B.?.), 0 1ý  ;  

V 3 G8A;> 70?8A59 ��, krV V  ( krV 3 :@8B8G5A:89 >1J5< ��, ?@8 :>B>@>< 
@5H5=85 7040G8 87 <=>65AB20 Z 2 7040==>5 2@5<O , 1,j j Jô ý  =5 <>65B 1KBL 
>15A?5G5=>);  

( )BLA
it , ( )BTC

it  3 A@54=85 8=B5=A82=>AB8 70?@>A>2 ?> @07=K< B8?0< 
CAB@>9AB2 A>>B25BAB25==> 2 <><5=B 2@5<5=8 it ; 

ø  3 A;CG09=K9 ?0@0<5B@, >B@060NI89 2>7<>6=CN =5>?@545;5==>ABL ?@8 
>F5=820=88 ?@>872>48B5;L=>AB8 ��, 0 1ø  . 

%B028BAO 7040G0 <8=8<870F88 2@5<5=8, 2 B5G5=88 :>B>@>3> 
>ACI5AB28BAO ?>445@6:0 B@0=A?>@B=>3> >1A;C6820=8O #$� A CG5B>< 
=0;8G8O 42CE ?@8=F8?80;L=> @07;8G=KE 3@C?? >1J5:B>2 >15A?5G5=8O: ��� 
8 �&%: 

1
( )

1
( )

( ) arg min ( , ( ))

( ) arg min ( , ( ))

BLA
i
BLA

BLA i
i i

BTC
j

BTC
BTC j
j j

zBLA BLA
i i i i

t T

zBTC BTC
j j j i

t T

t r t

t r t

ôô

ôô

ô ð

ô ð


þ


þ

ý

ý
   (2) 

?@8 CA;>28OE: 
min max( ) ( ) ( )BLA BLA BLA

i i ir t r t r t  , 
min max( ) ( ) ( )BLA BLA BLA

i i ir t r t r t  ;  

min ;i

i

z krV V Vô  min 1ý ý  .    (3) 

 

'A;>28O (3) D>@<C;8@CNB >3@0=8G5=8O =0 :@8B8G5A:85 7=0G5=8O 
2@5<5=8 iô , @5AC@A>2 ( )ir t , >1J5< �� (G8A;> 70?8A59) i

i

zVô  8 A;>6=>AB8 �� 

(G8A;> B01;8F, B8?K A2O759 8 B.?.) 4;O ?@>872>4AB25==>9 �� 8 >?@545;ONBAO 
:>=:@5B=K<8 7040G0<8 8 >A>15==>ABO<8 ?@>5:B8@>20=8O 



�=D>@<0F8>==0O A8AB5<0 ?>445@6:8 B@0=A?>@B=>3> >1A;C6820=8O ?0@:>2>3@5:@50F8>==KE 7>= A 
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2KA>:>=03@C65==>9 ��. #0@0<5B@K miný , minV 8 min ( )ir t  >?@545;ONB 
<8=8<0;L=CN 871KB>G=>ABL AE5<K �� ?@8 =>@<0;870F88, >B=>A8B5;L=> 
7040G, :0A0NI8EAO :>=:@5B=KE B5E=8G5A:8E CAB@>9AB2 ��� 8;8 �&%.   
#>A:>;L:C @0AA<0B@8205<K5 2 AB0BL5 >F5=:8 2@5<5=8 @50;870F88 7040G 

�� �%#&" >?8AK20NBAO 25:B>@=K<8 :@8B5@80;L=K<8 >F5=:0<8, B> 4;O 
?>445@6:8 ?@8=OB8O @5H5=89 ?> >?@545;5=8N >?B8<0;L=KE @568<>2 55 
@01>BK 2 <=>3>:@8B5@80;L=>< ?@>AB@0=AB25, =5>1E>48<> D>@<8@>20BL 
<=>65AB2> @5H5=89, =0?@8<5@, =0 >A=>25 #0@5B>-?>4E>40, >AB02;OO 2K1>@ 
:>=:@5B=>3> @5H5=8O 70 �#$. 

!0 >A=>25 A>740==>3> B5AB>2>3> ?@8<5@0 ?@>2545< >F5=820=85 
4;8B5;L=>AB8 @5H5=8O 7040G ?>445@6:8 B@0=A?>@B=>3> >1A;C6820=8O 
=5:>B>@>9 #$� A F5;LN D>@<8@>20=8O ?@8=F8?>2 ?@8=OB8O @5H5=89 ?> 
?>2KH5=8N ?@>872>48B5;L=>AB8 �� �%#&". 

 

3. $9;G?PF4FO @B89?<DB64A<S QHH9>F<6ABEF< 6OCB?A9A<S 
HGA>J<BA4?4 E<EF9@O <AHBD@4J<BAAB7B B59EC9K9A<S C4D>B6B – 
D9>D94J<BAAB= ;BAO 
$0AA<>B@8< 2>7<>6=CN AE5<C D>@<8@>20=8O B@0=A?>@B=>3> 

>1A;C6820=8O 2 ?0@:>2> 3 @5:@50F8>==>9 7>=5 «#0@: #>154K», 3>@>4 
%520AB>?>;L, =0 >A=>25 15A?8;>B=KE B5E=>;>389. %?CB=8:>20O :0@B0 #$� 
#0@:0 #>154K 3. %520AB>?>;L A 2>7<>6=>9 ?@8<5@=>9 :><?>=>2:>9 
B@0=A?>@B=KE C7;>2 8 �* ?@82545=0 =0 $<E.5. $0A?>;>65=85 ?C=:B>2 
B@0=A?>@B=>3> >1A;C6820=8O 2 40==>9 7>=5 O2;O5BAO CA;>2=>9 ?@>5:B=>9 2 
A2O78 A =570:>=G5==K<8 ?@>5:B=K<8 @01>B0<8 ?> @5:>=AB@C:F88 #0@:0 
#>154K. 

#@58<CI5AB2>< 8A?>;L7>20=8O 15A?8;>B=KE B5E=>;>389 2 MB>9 #$� 
O2;O5BAO 2>7<>6=>ABL ��� >?5@0B82=>3> @0A?>7=020=8O ?@5?OBAB289 4> 
<><5=B0 4>AB865=8O MB>3> ?@5?OBAB28O �&%; ?>72>;ONB :>=B@>;8@>20BL 
=51;03>?@8OB=K5 ?>3>4=K5 CA;>28O, =0?@8<5@, A8;L=K9 4>64L, 
8=B5=A82=K9 BC<0=, A=53; =5?@542845==K5 >AB0=>2:8; B@51>20=8O 
?0AA068@>2 8 B.?.  
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$<E.5 – %CGFA<>B64S >4DF4 #$� «#4D> #B598O» 7. %964EFBCB?P 

� B01;8F5 1. ?@82545=K @57C;LB0BK <>45;8@>20=8O 4;8B5;L=>AB8 
@50:F88 �%#&" =0 2K?>;=5=85 7040G ?>445@6:8 ?@8 42CE @568<0E 
@01>BK: 8=B5=A82=0O =03@C7:0 ��; >1KG=0O =03@C7:0 �� ?@8 :>MDD8F85=B5 
A;>6=>AB8 ý = 0,8.  >45;8@>20=85 ?@>872>48;>AL =0 ?;0BD>@<5 AnyLogic 

2 ?@54?>;>65=88 > =>@<0;L=>< 70:>=5 @0A?@545;5=8O A;CG09=>9 25;8G8=K 
8=B5=A82=>AB8 ?>ABC?;5=8O 7040G =0 2E>4 �%#&". 

 0B5<0B8G5A:85 >6840=8O ?@>872>48B5;L=>AB8 �� 
BTC
j

BTC
j

z

ô
ð ?@8 

@50;870F88 70?@>A>2 SQL EXPORT 8 UPDATE @02=K A>>B25BAB25==>: 0,738 

8 0,658; 8 48A?5@A88 0,0045 8 0,0095; 
BLA
i
BLA
i

z

ô
ð  MB8 >F5=:8 @02=K 

A>>B25BAB25==>: 0,838 8 0,76; 48A?5@A88 0,0015 8 0,0045, B01;8F0 1. 

 

&45?<J4 1 3 "F5=:8 ?@>872>48B5;L=>AB8 �� �%#&" 

 
+8A;> 
70?8A59 
��, þ  

1( )BLA
i ir t   

1( )BTC
j ir t   

BLA
i
BLA
i

z

ô
ð  

BTC
j

BTC
j

z

ô
ð  

EXPORT  UPDATE 

  

EXPORT UPDATE 

100 0,93 0,85 0,90 0,77 0,80 0,76 

200 0,93 0,85 0,85 0,79 0,80 0,76 

300 0,93 0,85 0,82 0,76 0,70 0,63 

400 0,93 0,85 0,82 0,74 0,70 0,59 

500 0,93 0,85 0,80 0,74 0,65 0,55 
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HIERARCHICAL MODELS OF SCHEDULE OPTIMIZATIONBATCH 

PROCESSING IN SMALL-SCALE PRODUCTION 

K.V. Krotov  

The tasks of optimizing the schedules for processing batches of parts in 

small-scale production are unsolvable for a limited time. In this regard, the 

development of new approaches for solving the above problems of large 

dimension is relevant. At the same time, practical needs make it necessary to take 

into account the features of the production processes of batch processing 

associated with the formation of kits and the setting of restrictions on the duration 

of the time intervals of the processing systems. The paper develops a hierarchical 

approach to mathematical modeling of the processes of processing batches of 

parts in small-scale production, which allowed synthesizing models of these 

processes used in solving various tasks of optimizing schedules. A hierarchical 

approach to optimizing batch processing schedules is also being developed, 

which has made it possible to form mathematical models of hierarchical games 

for solving various tasks of managing production processes, which also take into 

account the features associated with the formation of kits and restrictions on the 

resources of processing systems. 

Keywords: flexible production system, batches of parts, schedules, kits, 

resource constraints, hierarchical models of production processes, models of 

hierarchical games of schedules optimization 
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�BAEFDG>J<S 1: "A8 a, b, c @0A?>;>65=K 24>;L =0?@02;5=89 >A59 x, y, z 
A>>B25BAB25==>. "AL d 8<55B @02=K5 C3;K A >AO<8 a, b, c (B> 5ABL C3>; <564C 
?@>5:F859 d =0 ?;>A:>ABL xOy 8 >ALN x @025= 45º). $<E.4a). 

�BAEFDG>J<S 2: "A8 =0?@02;5=K 24>;L =>@<0;59 3@0=59 G5BK@5E3@0==>9 
?@028;L=>9 ?8@0<84K. $<E.45). '3>; >15A?5G820NI89 =081>;LH89 MDD5:B >B 
:><?;5:A8@>20=8O (C<5=LH5=85 25;8G8=K HC<0) @0AAG8B0= 0=0;8B8G5A:8, A 
?><>ILN <8=8<870F88 A;540 <0B@8FK 1)(  THH . '3>; <564C >A=>20=85< 
?8@0<84K 8 >AO<8 87<5@5=8O< ?@81;865==> @025= 35,265º. 

�BAEFDG>J<S 3: "A8 a, b, c =0?@02;5=K 24>;L =>@<0;59 3@0=59 
B@5E3@0==>9 ?@028;L=>9 ?8@0<84K. "AL d =0?@02;5=0 24>;L >A8 z. $<E.46). 
�=0;>38G=> ?@54K4CI5<C A;CG0N >?@545;5= >?B8<0;L=K9 C3>; <564C >AO<8 a, 
b, c 8 >A=>20=85< ?8@0<84K @025= 19,47º. 
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0) 1) 2) 
$<E.4. –!4CD46?9A<9 <;@9D<D<F9?PAOI BE9= K9FOD9IBEAB7B 

7<DBE>BC<K9E>B7B 5?B>4: 
4) >BAEFDG>J<S 1: αû35,3°, ò=45°; 5) >BAEFDG>J<S 2: αû35,3; 

6) >BAEFDG>J<S 3 αû19,5°. 

� B01;8F5 1 ?@54AB02;5=K @0AG8B0==K5 ?> (5) 25;8G8=K HC<0 2 
?@>F5=B=>< >B=>H5=88 >B 25;8G8=K HC<0 >B45;L=>3> 40BG8:0 4;O :064>3> 
20@80=B0 @0A?>;>65=8O >A59. 

 

&45?<J4 1 3 $57C;LB0BK @0AG5B0 MDD5:B0 >B :><?;5:8A@>20=8O  !� 

 �A5 >A8 @01>B0NB 8A?@02=> "BACBAB2C5B 8=D>@<0F8O ?> >A8 

a b c d 

�.
 1

 "AL X -9 % +123 % 0 % 0 % 0 % 

"AL Y -9 % 0 % +123 % 0 % 0 % 

"AL Z -9 % 0 % 0 % +123 % 0 % 

�.
 2

 "AL X -13 % +50 % -13 % +50 % -13 % 

"AL Y -13 % -13 % +50 % -13 % +50 % 

"AL Z -13 % +23 % +23 % +23 % +23 % 

�.
 3

 "AL X -13 % -13 % +12 % +66 % +12 % 

"AL Y -13 % -13 % +50 % -13 % +50 % 

"AL Z -13 % +73 % 0 % 0 % 0 % 

 

#>;CG5=K 7028A8<>AB8 G0AB>BK 8 25;8G8=K 45D>@<0F89 @57>=0B>@0 
2B>@>9 <>4K A>1AB25==KE :>;510==89 >B A>>B=>H5=8O 35><5B@8G5A:8E 
?0@0<5B@>2 8745;8O. 

#@8<5=5=85 G5B25@B>9 87<5@8B5;L=>9 >A8 ?>72>;O5B C<5=LH8BL HC< 
38@>A:>?8G5A:>3> 1;>:0 4> 13 % ?@8 8A?>;L7>20=88 <5B>40 =08<5=LH8E 
:204@0B>2. !> 87-70 :>=AB@C:B82=KE >A>15==>AB>AB59 @0A?>;>65=8O >A59 HC< 
C25;8G8205BAO ?@8 ?>;><:5 >4=>9 87 G5BK@5E 87<5@8B5;L=KE >A59. '25;8G5=85 
<>65B 1KBL 1>;55 G5< 2 420 @070 (:>=AB@C:F8O 1). 
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�=0;87 @57C;LB0B>2 @0AG5B>2 (B01;8F0 1) ?>:070;8, GB> 20@80=B 2 =081>;55 
?@8<5=8< 2 =02830F8>==>9 A8AB5<5. "= >15A?5G8205B 2 A;CG05 8A?@02=>9 
@01>BK 38@>A:>?8G5A:>3> 1;>:0 C<5=LH5=85 HC<0 =0 13 %. #@8 MB>< 2 A;CG05 
?>;><:8 >4=>9 87 >A59 &�� :@8B8G5A:>3> ?>2KH5=8O HC<0 =5 ?@>87>945B. 

"?@545;5= MDD5:B82=K9 C3>; <564C 87<5@8B5;L=K<8 >AO<8 8 >A=>20=85< 
?8@0<84K, @02=K9 35,265°. -B>B C3>; 4>;65= CG8BK20BLAO ?@8 @07@01>B:5 
G5BK@5E>A52>3> 38@>A:>?8G5A:>3> 1;>:0, :0: >?B8<0;L=K9.  

#@>2545==>5 8AA;54>20=85 B0:65 ?>72>;O5B 2KO28BL @07=8FC <564C 
2B>@K< 8 B@5BL8< 20@80=B>< @0A?>;>65=8O >A59. !5A<>B@O =0 >48=0:>2CN 
MDD5:B82=>ABL 2 8A?@02=>< A>AB>O=88, ?@8 @0A?>;>65=88 >A59 ?> =>@<0;O< 
B@5E3@0==>9 ?8@0<84K 1;>: =5 @01>B05B MDD5:B82=> ?@8 ?>;><:5. 

#> @57C;LB0B0< 0=0;8B8G5A:8E @0AG5B>2 1K;8 ?@>2545=K B0:65 G8A;5==K5 
M:A?5@8<5=BK, :>B>@K5 ?>4B25@48;8 ?@8<5=8<>ABL A45;0==KE 2K2>4>2 4;O 
?@0:B8:8. 

�<5?<B7D4H<K9E><= EC<EB> 

1. )@0<>2 �.�.  8=80BN@=K5 A?CB=8:8 AB0=40@B0 CubeSat / �.�. )@0<>2 // 

�>A<iG=0 =0C:0 i B5E=>;>3iO. 3 2009. 3 &. 15. 7 3. 3 %. 20-31. 

2. �>;G8E8= �.�. �>;=>2K5 B25@4>B5;L=K5 38@>A:>?K (0=0;8B8G5A:89 >17>@) / 
�. �. �>;G8E8=, �. �. �>;G8E8=, �.  .  0;NB8= [8 4@.] // �725AB8O &C;LA:>3> 
3>AC40@AB25==>3> C=825@A8B5B0. &5E=8G5A:85 =0C:8. 3 2017. 3 7 9-2. 3 %. 59378. 

3. �C@02;52 �.(. �>;=>2>9 B25@4>B5;L=K9 38@>A:>? / �.(. �C@02;52,  
�. . �;8<>2. 3  >A:20: !0C:0, 1985. 3 125A. 

4. Senkal Doruk 1 million q-factor demonstrated on micro-glassblown fused silica 

wineglass resonators with out-of-plane electrostatic transduction / Doruk Senkal, 

Mohammed Ahamed, Sina Askari, A.M. Shkel // Journal of 

Microelectromechanical Systems. 3 2014. 3 24(1). 3 pp. 68-71. 

10.31438/trf.hh2014.18. 

5. Su Zhong Research on Bell-Shaped Vibratory Angular Rate Gyro's Character of 

Resonator / Zhong Su, Mengyin Fu, Qing Li, Ning Liu, Hong Liu // Sensors. 3 2013. 

3 No.13. 3 pp. 4724-474 

6. �5=:528G ".  5B>4 :>=5G=KE M;5<5=B>2 2 B5E=8:5 / ". �5=:528G. 3  >A:20: 
 8@, 1975. 3 541 A. 
7. �0H0@>20 �.�. &5E=>;>38G5A:85 ?>4E>4K : >1@01>B:5 45B0;59 87 :20@F52>3> 
AB5:;0 / �.�. �0H0@>20,  .�. �>B5;L=8:>2, �.�. -5=OBA:89 // �5AB=8: 
A>2@5<5==KE B5E=>;>389. 3 2020. 3 7 4(20). 3 %. 19-23. 3 EDN GDOWXW. 

8. �0A0@01  .�.  8=80BN@=K5 2>;=>2K5 B25@4>B5;=K5 38@>A:>?K 4;O <0;KE 
:>A<8G5A:8E 0??0@0B>2 /  .�. �0A0@01, �.%. �C=8=, �.�.  0B2552,  
�.�. (><8G52, �.�. +C<0=:8=, �.�. .@8= // �5AB=8:  >A:>2A:>3> 
�>AC40@AB25==>3> B5E=8G5A:>3> C=825@A8B5B0 8<. !.-. �0C<0=0. %5@8O 
?@81>@>AB@>5=85. 3 2014. 3Vol. 4. 3 pp. 80-96. 
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9. �8E;O52 �.�. �7<5=5=85 B>G=>AB=KE E0@0:B5@8AB8: B25@4>B5;L=KE 
2>;=>2KE 38@>A:>?>2 ?@8 >BAB@>9:5 G0AB>BK 2>71C645=8O >B @57>=0=A=>9 / 
�.�. �8E;O52, �.�. ,8H0:>2 // �=B5;5:BC0;L=K5 A8AB5<K 2 ?@>872>4AB25. 3 
2021. 3 &. 19. 7 4. 3 %. 4317. 3 EDN IUSBXW. 

10. !53@8 %. !>2>5 ?>:>;5=85 8=5@F80;L=KE =02830F8>==KE A8AB5< =0 >A=>25 
�&� 4;O 0??0@0B>2, >15A?5G820NI8E 70?CA: A?CB=8:>2 / %. !53@8, -. �010@@, 
�. �8=L>=, -. �@C=HB59=, -. %0;0ё=, // �8@>A:>?8O 8 =02830F8O 3 2016. 3 
&. 24. 7 1 (92) 3 %. 49359. 3 EDN VSAQUJ. 
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 .&. �4?4LA<>B64 

SENSORS OF THE FOUR-AXIS GYROSCOPIC UNIT AND THE AMOUNT 

OF NOISE 

I.D. Izmestyev, A.V. Schenyatsky 

The variants of the arrangement of the axes of the gyroscopic unit, which 

includes four sensing elements of solid-state wave gyroscopes as sensors, are 

considered. The least squares method has determined the positive effect of combining 

redundant information in cases of serviceable and emergency operation. The 

simulation of the operation of sensitive elements is carried out and the first modes of 

oscillations are considered. The effective angles determining the location of the 

measuring axes in the coordinate system of the gyroscopic unit are determined. 

Keywords: HRG, gyroscope, redundancy, aggregation, least squares method, 

sensing element, oscillation mode  
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'�� 616.1+616.24 

$�%#"�!���!�3 !��%#$��!"%&��  �,�!"%&$"�&��0!/) 
������� 

"A8?>2 �.!.1, !>28:>2 �.�.2 

АAABF4F<O. #D98?4749FES CB8IB8 > D4ECB;A464A<R F9IA<K9E><I EBEFBSA<= 
@4L<ABEFDB<F9?PAOI <;89?<= B5M9F9IA<K9E>B7B CD98A4;A4K9A<S, <ECB?P;GS 
@9FB8B?B7<R <E>GEEF69AAOI E69DFBKAOI A9=DBAAO= E9F9=. !B6<;A4 
CD98?4749@B7B CB8IB84 ;4>?RK49FES 6 CD<@9A9A<< 6 >4K9EF69 S8D4 E69DF>< A45BD4 
A9?<A9=AOI H<?PFDB6, @<A<@<;<DGRM<I <AHBD@4J<BAAB9 D4EIB:89A<9 @9:8G 
<EIB8AB= < D98GJ<DB64AAB= @4FD<J9= 8<47ABEF<K9E><I CD<;A4>B6 F9IA<K9E><I 
EBEFBSA<=.  

К?NG56O5 E?B64.  B89?<DB64A<9, 8<47ABEF<>4, B5N9>FAB-EB5OF<=AB9 
@B89?<DB64A<9. 

�040G8 4>AB>25@=>3> >F5=820=8O B5E=8G5A:8E A>AB>O=89 :>=AB@C:B82=> 
A;>6=KE 8745;89 >1I5B5E=8G5A:>3> <0H8=>AB@>5=8O 2 E>45 8E M:A?;C0B0F88, 0 
B0:65 2 E>45 ?@>872>4AB25==KE 8A?KB0=89, =0?@8<5@, ?@85<>A40B>G=KE 8;8 
:>=B@>;L=KE O2;ONBAO ?>-?@56=5<C 0:BC0;L=K<8 8 7=0G8<K<8, >A>15==>, 
:>340 >F5=820=85 ?@83>4=>AB8 8745;89 : CA;>28O< 1C4CI59 M:A?;C0B0F88 
@50;87C5BAO 2 CA;>28OE =54>AB0B:0 0?@8>@=>9 8=D>@<0F88 >1 >1J5:B0E 
8A?KB0=89 8 ?@>872>4AB25==KE ?@>F5AA0E [1,2,3]. #@8 MB>< ?>4 ?@>F54C@>9 
>F5=820=8O B5E=8G5A:8E A>AB>O=89 ?>=8<0NB ?@>F54C@C >?@545;5=8O 
A?>A>1=>AB8 8745;8O 2K?>;=OBL A2>8 DC=:F88 ?> @57C;LB0B0< 87<5@5=89 
=5:>B>@>3> <=>65AB20 4803=>AB8G5A:8E ?0@0<5B@>2 [3,4]. &0:8< >1@07><, 2 E>45 
@50;870F88 ?@>F54C@K >F5=820=8O B5E=8G5A:8E A>AB>O=89 ?@8E>48BAO 8<5BL 
45;> A :>;8G5AB25==K< 0=0;87>< 87<5@8B5;L=KE ?>A;54>20B5;L=>AB59, 
>?8AK20NI8E 48=0<8:C B5E=8G5A:8E A>AB>O=89 2> 2@5<5=8. $57C;LB0B>< 
0=0;870 O2;O5BAO @5H5=85 >B=>A8B5;L=> =0;8G8O 8;8 >BACBAB28O C >1J5:B>2 
B@51C5<KE A2>9AB2, >15A?5G820NI8E 8E ?@83>4=>ABL : 40;L=59H5<C 
?@8<5=5=8N. �=AB@C<5=B>< 0=0;870 O2;O5BAO <>45;L, ?>72>;ONI0O 
AD>@<8@>20BL >F5=:C B5:CI53> A>AB>O=8O 8 2K?>;=8BL ?@>3=>78@>20=85 A?8A:0 
1C4CI8E A>AB>O=89, 8AE>4O 87 =5:>B>@KE 38?>B57, =0?@8<5@, 8AE>4O 87 
38?>B57K, GB> >A=>2=K5 D0:B>@K 8 B5=45=F88, 8<5NI85 <5AB> 2 ?@>H;>< 
?5@8>45 M:A?;C0B0F88, A>E@0=OBAO =0 ?5@8>4 ?@>3=>70 8;8 GB> <>6=> 
>1>A=>20BL 8 CG5ABL =0?@02;5=85 @0728B8O B5E=8G5A:8E A>AB>O=89 2 
@0AA<0B@8205<>9 ?5@A?5:B825 [5]. #>MB><C @5H5=85 > 3>4=>AB8 8745;89 : 
M:A?;C0B0F88 ?@54?>;0305B =0;8G85 >4=>9 8;8 =5A:>;L:8E <>45;59, :>B>@K5 
4>;6=K 7028A5BL >B A2>9AB2 >1J5:B>2, F5;52>3> A>45@60=8O ?@>3=>78@>20=8O 8 
CA;>289 >F5=820=8O [6]. 
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"17>@ A>2@5<5==>9 ;8B5@0BC@K ?>:070;, GB> 2 E>45 M:A?;C0B0F88 @5H5=85 
7040G >F5=820=8O B5E=8G5A:8E A>AB>O=89, 8A?>;L7CO A@54AB20 <0B5<0B8G5A:>3> 
<>45;8@>20=8O, =5@54:>, 4>AB8305BAO 8A?>;L7>20=85< A?5F80;878@>20==KE 8 
C?@>I5==K5 ;8=59=KE <>45;8, ?@54JO2;ONI8E <0;K5 B@51>20=8O : 
2KG8A;8B5;L=K< @5AC@A0< 8 >15A?5G820NI85 2KA>:>5 1KAB@>459AB285 A8AB5< 
?>445@6:8 ?@8=OB85 @5H5=89 [4-8]. "4=0:> B0:>9 ?>4E>4 =5 2A5340 ?>72>;O5B 
>15A?5G8BL 7040==CN B>G=>ABL @57C;LB0B>2 >F5=820=8O, >A>15==> 2 CA;>28OE, 
:>340 =58725AB=K<8 >:07K20NBAO ?0@0<5B@K HC<-A83=0;L=KE A>AB02;ONI8E 2 
@57C;LB0B0E 87<5@5=89, 0 B0:65 8AB8==K5 70:>=K @0A?@545;5=8O ?;>B=>AB59 
25@>OB=>AB59 4803=>AB8G5A:8E ?0@0<5B@>2 4;O 8A?@02=>3> 8 =58A?@02=KE 
A>AB>O=89. $07@5H5=85 C:070==KE ?@>B82>@5G89, A2O70==KE A =5>1E>48<>ABLN 
>15A?5G5=8O 7040==>9 B>G=>AB8 ?@>F54C@K >F5=820=8O B5E=8G5A:8E A>AB>O=89 
:>=AB@C:B82=> A;>6=KE 8745;89 ?@8 <8=8<870F88 2KG8A;8B5;L=KE @5AC@A>2 
<>65B 1KBL 4>AB83=CB> @0F8>=0;L=K< ?@8<5=5=85< 8A:CAAB25==KE =59@>==KE 
A5B59, ?>AB@>5==KE ?> ?@8=F8?C =0E>645=8O G8A;5==KE 7=0G5=89 =5:>B>@>3> 
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FAULTS RECOGNITION OF MACHINE-BUILDING PRODUCTS 

K.N. Osipov, V.V. Novikov  

An approach is proposed to recognize the technical conditions of engineering 

products for general technical purposes, using the methodology of artificial 

convolutional neural networks. The novelty of the proposed approach lies in the use of 

a set of nonlinear filters as a convolution kernel, minimizing the information 

discrepancy between the original and reduced matrix of diagnostic features of 

technical conditions. The issues of forming the rules for constructing an output 

classifier in the form of a fully connected neural network are not considered within the 

framework of this work, since they are considered trivial. 

Key words: modeling, diagnostics, object-event modeling. 
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