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Abstract 

Purpose of research. With the increasing share of generation from solar plants in distribution networks, the require-

ments for the quality of supplied electricity are growing, as the instability of solar generation directly affects the net-

work load and the voltage parameters of the electricity supplied to the consumer. 

The purpose of the research is experimental validation of methods for forecasting the output of a PV plant for the next 

day with hourly planning, which makes it possible to link the magnitude of the forecast error with the electric power 

quality indicators according to GOST 32144-2013. 
Methods. To solve this problem, a comparative study of three approaches was carried out: ARIMA/ARIMAX models, 

the Random Forest ensemble, and the hybrid STL+RF scheme. In all cases, the influence of meteorological factors 

on the accuracy of solar generation forecasting was analyzed. 

Results. It was found that the inclusion of weather data significantly improves the forecast quality compared to mod-

els using only the history of consumption. The best results were shown by the hybrid STL+RF model with meteoro-

logical features, which provided an optimal compromise between forecast accuracy and stability. This assessment 

shows that in the tasks of network operation management, the use of hybrid models is more justified than the use of 

statistical models alone. 

Conclusion. The proposed approach can be used as a basis for early warning systems for the risks of electric power 

quality deterioration in networks with a high share of RES. The practical value of the work lies in linking the results of 

solar generation forecasting with the regulatory requirements of GOST 32144-2013 and the tasks of dispatch control. 
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Squared Error), GC2AB28B5;L=0O : :@C?-
=K< >H81:0<, MAE (Mean Absolute 
Error), >B@060NI0O A@54=5B8?8G=>5 >B-
:;>=5=85, 8 R² (:>MDD8F85=B 45B5@<8-
=0F88), ?>:07K20NI89 4>;N >1JOA=ё=-
=>9 48A?5@A88. �A?>;L7>20;0AL D>@<C-
;0 4;O R²: 

�2 = 1 2 ∑(�фа>B 2 �?@>г=>7)2∑ (�фа>B 2 ÿ��Ā(�фа>B))2, 
345 PD0:B 8 P?@>3=>7 – D0:B8G5A:85 8 ?@>-
3=>78@C5<K5 7=0G5=8O <>I=>AB8 [13].  

�;O ?@>25@:8 AB0B8AB8G5A:>9 7=0-
G8<>AB8 @07;8G89 <564C ?@>3=>70<8 
42CE <>45;59 ?@8<5=O;AO B5AB �81>;-
40- 0@80=> A 8A?>;L7>20=85< 42CAB>-
@>==53> :@8B5@8O ?@8 C@>2=5 7=0G8<>-
AB8 α = 0,05. %B0B8AB8:0 B5AB0 AB@>8-
;0AL =0 >A=>25 :204@0B>2 >H81>: 8 CG8-
BK20;0 02B>:>@@5;OF8N >H81>:, GB>1K 

CAB0=>28BL, O2;O5BAO ;8 @07;8G85 <56-
4C <>45;O<8 AB0B8AB8G5A:8 7=0G8<K< 
8;8 2>7=8:05B A;CG09=>. 

!0 >A=>25 @50;L=>3> 40B0A5B0 ?>;C-
G5=K A;54CNI85 @57C;LB0BK, :>B>@K5 
?@54AB02;5=K 2 B01;8F5 1, 345 ?>:070=K 
<5B@8:8 4;O <>45;59 157 <5B5>@>;>38-
G5A:8E ?@87=0:>2.  

!0 @8AC=:5 1 ?>:070= ?@>3=>7 <>-
45;8 ARIMA 157 <5B5>@>;>38G5A:8E 
40==KE.  >45;L 45<>=AB@8@C5B :@09=5 
=87:CN B>G=>ABL A RMSE = 6,017 :�B/G 
8 >B@8F0B5;L=K< :>MDD8F85=B>< 45-
B5@<8=0F88 R² = –0,395. #@>3=>7 ?@0:-
B8G5A:8 =5 >B@0605B @57:85 ?8:8 35=5-
@0F88 8 >AB0ёBAO 1;87:8< : ?>AB>O==>-
<C 7=0G5=8N, GB> C:07K205B =0 =5A?>-
A>1=>ABL AB0B8AB8G5A:>9 <>45;8 C;02-
;820BL =5;8=59=K5 :>;510=8O A>;=5G-
=>9 35=5@0F88 [7]. 

!0 @8AC=:5 2 ?@54AB02;5=K @57C;L-
B0BK 0=A0<1;52>3> 0;3>@8B<0 Random 
Forest, >1CG5==>3> B>;L:> =0 8AB>@8G5-
A:8E ;030E <>I=>AB8. �;03>40@O >1CG5-
=8N =0 2@5<5==KE H01;>=0E <>45;L 
;CGH5 C;02;8205B ACB>G=CN ?>2B>@O5-
<>ABL: RMSE = 1,214 :�B/G, R² = 0,943. 

"4=0:> RF A8AB5<0B8G5A:8 =54>>F5=8-
205B ?8:8 2 OA=K5 4=8, B0: :0: =5 8<55B 
8=D>@<0F88 > B5:CI8E ?>3>4=KE CA;>-
28OE 8 ?@O<>9 A>;=5G=>9 @0480F88. 

&45?<J4 1.  5B@8:8 157 <5B5>@>;>38G5A:8E 40==KE 

Table 1. Metrics without meteorological data 

 >45;L RMSE (kWh/h) MAE (kWh/h) R² 
ARIMA 6,017 3,203 –0,395 

Random Forest 1,214 0,548 0,943 

STL+RF 1,26 0,595 0,939 



�@56=52 �. �., '5@=5F:0O �. �.                    5B>4>;>38O ?@>3=>78@>20=8O 35=5@0F88 2>7>1=>2;O5<KE&    187 

Proceedings of the Southwest State University. Series: Control, Computer Engineering,  
Information Science. Medical Instruments Engineering. 2026;16(2):182–196 

 

 
$<E. 1. ARIMA 157 <5B5>40==KE 

Fig. 1. ARIMA without meteorological data 

 
$<E. 2. Random Forest 157 <5B5>40==KE 

Fig. 2. Random Forest without meteorological data 

!0 @8AC=:5 3 ?>:070=0 381@84=0O 
AE5<0 STL+RF. �K45;5=85 ACB>G=>3> 
F8:;0 ?>A@54AB2>< STL-45:><?>78F88 
?>72>;O5B Random Forest <>45;8@>20BL 
>AB0B>G=CN :><?>=5=BC 1>;55 AB018;L=> 
8 A <5=LH59 ?>425@65==>ABLN HC<C. 
 5B@8:8 ?@0:B8G5A:8 845=B8G=K G8AB>-
<C RF: RMSE = 1,26 :�B/G, R² = 0,939. 

#@58<CI5AB2> 381@84=>3> ?>4E>40 
?@>O2;O5BAO 2 1>;LH59 CAB>9G82>AB8 : 
2K1@>A0< 8 0=><0;8O<.  

�0;LH5 ?@>872545=K @0AG5BK C65 A 
CG5B>< <5B5>40==KE, 8 @57C;LB0BK 
?@54AB02;5=K =865 (B01;. 2). 

!0 @8AC=:5 4 ?>:070= @57C;LB0B 4>-
102;5=8O <5B5>@>;>38G5A:8E 40==KE : 
<>45;8 ARIMA (20@80=B ARIMAX). 
�:;NG5=85 M:7>35==KE D0:B>@>2 70-
<5B=> C;CGH05B :0G5AB2>. RMSE A=8-
605BAO A 6,017 4> 5,195 :�B/G (A=865=85 
=0 0,822 :�B/G), 0 :>MDD8F85=B R² 2>7-
@0AB05B A –0,395 4> –0,04 (C;CGH5=85 =0 
0,355). )>BO MB8 ?>:070B5;8 ACI5AB25=-
=> ;CGH5, G5< 4;O ARIMA 157 <5B5>-
40==K<8, ARIMAX 2Aё @02=> >AB0ёBAO 
<5=55 B>G=>9, G5< <5B>4K <0H8==>3> 
>1CG5=8O. 
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$<E. 3. STL +RF 157 <5B5>40==KE 

Fig. 3. STL +RF without meteorological data 

&45?<J4 2.  5B@8:8 A <5B5>@>;>38G5A:8<8 40==K<8  

Table 2. Performance metrics with meteorological data 

 >45;L RMSE (kWh/h) MAE (kWh/h) R² 
ARIMAX 5,195 4,595 –0,04 

RF+<5B5> 1,163 0,55 0,948 

STL+RF+<5B5> 1,204 0,607 0,944 

 
$<E. 4. ARIMA A <5B5>40==K<8 

Fig. 4. ARIMA with meteorological data 

!0 @8AC=:5 5 ?>:070=K @57C;LB0BK 
Random Forest A ?>4:;NG5=85< <5B5>-
@>;>38G5A:8E 40==KE (RF+<5B5>). #@8 
4>102;5=88 8=D>@<0F88 >1 >A25Iё==>-
AB8, B5<?5@0BC@5, 2;06=>AB8 8 4@C38E 
?0@0<5B@0E <>45;L ?@0:B8G5A:8 A>2?0-
405B A D0:B8G5A:>9 :@82>9 35=5@0F88 2 
OA=K5 4=8.  5B@8:8 ?>:07K20NB 2KA>-

:CN B>G=>ABL: RMSE = 1,163 :�B/G, 
R² = 0,948.  >45;L B>G=> ?5@540ёB 4=52-
=K5 <0:A8<C<K 8 A?04K, E>BO =0 CG0AB-
:0E E0>B8G=>9 >1;0G=>AB8 >AB0NBAO ;>-
:0;L=K5 >H81:8. 

!0 @8AC=:5 6 ?@54AB02;5=0 381@84-
=0O 0@E8B5:BC@0 STL+RF+<5B5>, :>B>-
@0O ?>:07K205B =08;CGH89 @57C;LB0B 
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A@548 2A5E @0AA<>B@5==KE <5B>4>2. 
RMSE = 1,204 :�B/G, R² = 0,944. #@>-
D8;L ?@>3=>70 ?@0:B8G5A:8 =5>B;8G8< 
>B D0:B8G5A:>3> 2 ?5@8>4K OA=>9 ?>3>-
4K 1;03>40@O :><18=0F88 B@ёE D0:B>-

@>2: CGёB0 <5B5>@>;>38G5A:8E 40==KE, 
2K45;5=8O AB@C:BC@=>3> B@5=40 ?>A@54-
AB2>< STL-45:><?>78F88 8 A?>A>1=>-
AB8 Random Forest C;02;820BL =5;8=59-
=K5 >AB0B:8. 

 
$<E. 5. Random Forest A <5B5>40==K<8 

Fig. 5. Random Forest with meteorological data 

 

$<E. 6. STL +RF A <5B5>40==K<8 

Fig. 6. STL+RF with meteorological data 

%@548 <5B5>@>;>38G5A:8E ?0@0<5B-
@>2 :;NG52CN @>;L 83@0NB >A25Iё=-
=>ABL 2 ?@54K4CI89 G0A 8 B5<?5@0BC@0 
2>74CE0 2 ?@54K4CI89 G0A. -B8 ?0@0-
<5B@K =0?@O<CN >?@545;ONB 8=B5=-
A82=>ABL A>;=5G=>9 35=5@0F88: >A25-
Iё==>ABL – MB> <5@0 A>;=5G=>9 @0480-
F88, 4>AB830NI59 ?0=5;8, 0 B5<?5@0BC-
@0 2;8O5B =0 MDD5:B82=>ABL ?@5>1@07>-
20=8O. "AB0;L=K5 <5B5>@>;>38G5A:85 

?0@0<5B@K 2=>AOB <5=55 10% 206=>AB8 
:064K9. �;O <0;KE AB0=F89, =><8-
=0;L=0O <>I=>ABL :>B>@KE <5=55 
10 :�B, >H81:0 G0A>2>3> ?@>3=>70 2 1-
2 :�B C65 :@8B8G=0. 

$9;G?PF4FO < <I B5EG:89A<9  

#>;CG5==K5 @57C;LB0BK A>3;0ACNB-
AO A 40==K<8 87 ;8B5@0BC@K ?> ?@>3=>-
78@>20=8N A>;=5G=>9 35=5@0F88. %>-
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3;0A=> A>2@5<5==K< >17>@0<, 4>102;5-
=85 <5B5>@>;>38G5A:8E ?@87=0:>2 : 
AB0B8AB8G5A:8< <>45;O< A=8605B 
>H81:C ?@>3=>70 =0 50–80 % 70 AGёB 
CGёB0 ?@O<>9 A2O78 2K@01>B:8 A ?>3>4-
=K<8 CA;>28O<8. � =0H5< 8AA;54>20-
=88 ?5@5E>4 >B ARIMA : ARIMAX 40; 
0=0;>38G=K9 MDD5:B: RMSE A=878;AO A 
6,017 4> 5,195 :�B·G, 0 R² 2K@>A A  
–0,395 4> –0,04. -B> C:07K205B =0 B>, 
GB> <5B5>40==K5 ?><>30NB AB0B8AB8G5-
A:>9 <>45;8 G0AB8G=> :><?5=A8@>20BL 
5ё ;8=59=K5 >3@0=8G5=8O. 

�;O <5B>4>2 <0H8==>3> >1CG5=8O 
107>20O B>G=>ABL >:070;0AL 7=0G8B5;L=> 
2KH5 [14]. -B> A>>B25BAB2C5B >?C1;8-
:>20==K< @01>B0<, 345 Random Forest 
?@8 8A?>;L7>20=88 8AB>@8G5A:8E 40=-
=KE 8 ?>3>4=KE CA;>289 ?>:07K205B R² 
=0 C@>2=5 0,9–0,97 [15]. � =0H5< M:A?5-
@8<5=B5 RF 157 <5B5>40==KE 40; 
RMSE = 1,214 :�B·G 8 R² = 0,943, 0 A 
4>102;5=85< ?>3>4=KE D0:B>@>2 RMSE 
A=878;AO 4> 1,163 :�B·G, R² 2K@>A 4> 
0,948. )>BO C;CGH5=85 <5=LH5, G5< 4;O 
ARIMA. Random Forest C65 CG8BK205B 
=5;8=59=K5 7028A8<>AB8 8 02B>:>@@5-
;OF8N, ?>MB><C 2=5H=OO 8=D>@<0F8O 
40ёB ;>:0;L=CN >?B8<870F8N, 0 =5 @0-
48:0;L=K9 A:0G>:. 

�81@84=0O 0@E8B5:BC@0 STL + RF + 

+ <5B5> ?>:070;0 ;CGH89 @57C;LB0B. 
#@5420@8B5;L=>5 2K45;5=85 B@5=40 8 
A57>==>AB8, 0 70B5< >1CG5=85 <>45;8 =0 
>AB0B:5 – MB> ?>4E>4, :>B>@K9 H8@>:> 
>1AC6405BAO 2 ;8B5@0BC@5. � @O45 @01>B 
?>:070=>, GB> 45:><?>78F8O A=8605B 
@8A: ?5@5>1CG5=8O 8 ?>2KH05B CAB>9-
G82>ABL 0;3>@8B<>2 4;O ?@>F5AA>2 A 
2K@065==>9 A57>==>ABLN. STL+RF 157 
<5B5>40==KE ?>:070; RMSE = 1,26 :�B·G 

8 R² = 0,939, GB> A>?>AB028<> A G8-
ABK< RF, => A 1>;55 AB018;L=K< ?>25-
45=85<. #>A;5 ?>4:;NG5=8O <5B5>-
40==KE 381@84=0O AE5<0 4>AB83;0 
RMSE = 1,204 :�B·G 8 R² = 0,944. -B>B 
@57C;LB0B >15A?5G8; ;CGH89 10;0=A 
<564C >H81:>9 8 AB018;L=>ABLN A@548 
2A5E 0@E8B5:BC@. 

�=0;87 206=>AB8 ?@87=0:>2 ?>4-
B25@48; :;NG52CN @>;L ACB>G=>3> F8:-
;0 8 >A=>2=KE <5B5>?0@0<5B@>2. �03 
<>I=>AB8 =0 24 G 40; >:>;> 35 % AC<-
<0@=>9 206=>AB8, >A25Iё==>ABL 70 
G0A – ?>@O4:0 25 %, B5<?5@0BC@0 2>74C-
E0 – >:>;> 18 %. &0:0O AB@C:BC@0 E>@>-
H> A>3;0AC5BAO A D878:>9 A>;=5G=>9 
35=5@0F88 8 @57C;LB0B0<8 4@C38E 8A-
A;54>20=89. #0@0<5B@K 25B@0 8 >A04:>2 
?@>45<>=AB@8@>20;8 =87:CN 206=>ABL, 
GB> =5 C4828B5;L=> 4;O @538>=>2 A 
CAB>9G82>9 8=A>;OF859; 8E 2;8O=85 
>?>A@54C5BAO 2 >A=>2=>< G5@57 >1;0G-
=>ABL, C65 >B@06ё==CN 2 ?>:070B5;OE 
>A25Iё==>AB8. 

�A;8 A@02=820BL A >17>@0<8 ?> 0=-
A0<1;O< 8 =59@>A5BO<, ?>;CG5==K5 
7=0G5=8O R² =0 C@>2=5 0,94–0,95 <>6=> 
A<5;> AG8B0BL E>@>H8<8 4;O ?@>3=>70 
M;5:B@>M=5@388 =0 1 G 2?5@54. �>;55 
A;>6=K5 <>45;8, =0?@8<5@ LSTM, 5A;8 
C =8E 1C45B >3@><=>5 :>;8G5AB2> 40=-
=KE, A<>3CB 4>1028BL 1>;LH5 B>G=>AB8, 
=> 270<5= ?>B@51CNB 1>;LH59 2KG8A-
;8B5;L=K5 70B@0BK 8 =0AB@>9:C [16]. 

�81@84=K9 0=A0<1;L STL + RF >:07K-
205BAO >?B8<0;L=K< A>G5B0=85< B>G=>-
AB8, 8=B5@?@5B8@C5<>AB8 8 70B@0B0<8 
=0 2KG8A;5=8O. !0 >A=>25 ?@>254ё==>3> 
8AA;54>20=8O ?@54;0305BAO ?@8<5=8BL 
G5BK@ёEC@>2=52K9 ?>4E>4 : C?@02;5-
=8N @8A:0<8 [7]. -B> =5 A>2A5< =>20O 
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845O, => :><18=0F8O ?@>3=>78@>20=8O A 
>AB0;L=K<8 :><?>=5=B0<8 40ёB E>@>H89 
@57C;LB0B. !0 2KE>45 ?>;CG05< ?@>3=>7 
=0 1, 3 8 6 G 2?5@ё4 8 480?07>= =5>?@5-
45;ё==>AB8 (>1KG=> 90-?@>F5=B=K9 8=-
B5@20;) [17]. �80?07>= 2065=, ?>B><C 
GB> ?@8 >1;0G=>9 ?>3>45 >H81:0 2KH5, 
0 ?@8 OA=>< =515 – =865. 

#5@2K9 C@>25=L, A>1AB25==> 3>2>-
@O, ?@>3=>78@>20=85. �A?>;L7C5BAO 38-
1@84=0O <>45;L STL + RF + <5B5>, :>-
B>@0O ?>:070;0 ;CGH85 @57C;LB0BK. "=0 
;CGH5 4@C38E A?@02;O5BAO A 2=570?=K-
<8 87<5=5=8O<8 >1;0G=>AB8 8 >4=>-
2@5<5==> 4>AB0B>G=> AB018;L=0.  >-
45;L =C6=> ?5@5CG820BL :064K9 <5AOF 
8;8 4065 G0I5, 5A;8 ?>3>40 <5=O5BAO 
A57>==>. �E>4=K5 40==K5, :>B>@K5 
=5>1E>48<K: 87<5@5==0O <>I=>ABL 
AB0=F88 8 B5:CI85 <5B5>?0@0<5B@K. 

�B>@>9 C@>25=L – 0=0;87 @8A:>2. 
&CB 15@CBAO ?@>3=>7=K5 7=0G5=8O 35=5-
@0F88, 8725AB=K5 ?0@0<5B@K A5B8 (A>-
?@>B82;5=8O, ё<:>AB8, ?@>?CA:=K5 A?>-
A>1=>AB8 ;8=89), >68405<0O =03@C7:0 
?>B@518B5;59 8 ?@>G55. �KG8A;O5BAO, 
=0A:>;L:> =0?@O65=85 >B:;>=8BAO >B 
=><8=0;L=>3> ?@8 MB>< ?@>3=>75. "A-
=>2=>9 @0AGёB 1C45B ;8=59=K<, => 
2:;NG05B ?>?KB:8 CG5ABL 040?B82=K5 
D8;LB@K =0?@O65=8O 8 @53C;OB>@K, 5A-
;8 >=8 5ABL 2 A5B8. �;02=K9 <><5=B: 
=C6=> CG5ABL =5 B>;L:> F5=B@0;L=>5 
7=0G5=85 >H81:8 ?@>3=>70, => 8 5ё @07-
1@>A. �A;8 >1;0G=> 8 =5?@54A:07C5<>, 
@071@>A 1>;LH>9, A>>B25BAB25==>, 
1>;LH5 8 @8A:. -B> @50;87C5BAO G5@57 
040?B82=K5 :>MDD8F85=BK, :>B>@K5 
<5=ONBAO 2 7028A8<>AB8 >B ?@>3=>70 
?>3>4K. 

&@5B89 C@>25=L – A83=0;K. �>340 
25@>OB=>ABL =0@CH5=8O :0G5AB20 ?@5-
2KH05B >?@545;ё==K9 ?>@>3, A8AB5<0 
2K40ёB A83=0; 48A?5BG5@C. "1KG=> 
42CEABC?5=G0B0O A8AB5<0: 6ё;B>5 ?@5-
4C?@5645=85 (25@>OB=>ABL ~10–15%), 

:@0A=K9 A83=0; (25@>OB=>ABL ~35–40%). 

#>@>38 <>6=> =0AB@0820BL ?>4 :>=-
:@5B=CN A5BL, ?>B><C GB> 345-B> 4>@>3> 
@575@28@>20BL <>I=>ABL, 0 345-B> 4>@>-
3> ?;0B8BL HB@0DK 70 =0@CH5=85 :0G5-
AB20. 

+5B2ё@BK9 C@>25=L @5038@>20=8O – 
B>, GB> 48A?5BG5@ 8;8 02B><0B8:0 45;0-
NB, ?>;CG82 A83=0;. �0@80=B>2 =5A:>;L-
:>.  >6=> C?@02;OBL 10B0@59=K< =0:>-
?8B5;5<: 70@O48BL 53> 70@0=55 ?5@54 
>68405<K< ?@>20;>< A>;=F0 8;8 @07@O-
48BL ?@8 871KB:5 35=5@0F88.  >6=> 
?@>AB> >3@0=8G8BL 2K40GC <>I=>AB8 >B 
(--AB0=F88, A=8782 C3>; =0:;>=0 ?0=5-
;59.  >6=> ?>?@>1>20BL ?5@5=5AB8 
=03@C7:C ?>B@518B5;59 (=0?@8<5@, >B-
;>68BL 70@O4:C M;5:B@><>18;59 =0 1>-
;55 1;03>?@8OB=K9 G0A). � =0:>=5F, 
<>6=> 2:;NG8BL 4875;L-35=5@0B>@, 5A;8 
:@8B8G=>. �CGH89 @57C;LB0B ?>;CG05B-
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