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�·μ£´μ§¨·μ¢ ´¨¥ ±μ²¥¡ ´¨° É¥¶²μ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·μ¢
¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö ·¥ ±Éμ·  ˆ	�-2Œ ¸ ¶μ³μÐÓÕ ´¥°·μ´´ÒÌ ¸¥É¥°

� ¸¸³ É·¨¢ ¥É¸Ö § ¤ Î  ¶·μ£´μ§¨·μ¢ ´¨Ö ±μ²¥¡ ´¨° μ¸´μ¢´ÒÌ É¥¶²μ¤¨´ ³¨-
Î¥¸±¨Ì ¶ · ³¥É·μ¢  ±É¨¢´μ° §μ´Ò ¨ ¶¥·¢μ£μ ±μ´ÉÊ·  ´ É·¨¥¢μ° ¸¨¸É¥³Ò μÌ² -
¦¤¥´¨Ö ·¥ ±Éμ·  ˆ	�-2Œ. �¸´μ¢´μ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö ¶·μ£´μ§¨·μ¢ ´¨Õ É¥³-
¶¥· ÉÊ·Ò ¨ · ¸Ìμ¤  ´ É·¨Ö ´  ¢Ìμ¤¥ ¢  ±É¨¢´ÊÕ §μ´Ê,   É ±¦¥ É¥¶²μ¢μ° ³μÐ-
´μ¸É¨. �μ± § ´μ, ÎÉμ ¶·μ£´μ§¨·μ¢ ´¨¥ ¶μ§¢μ²Ö¥É ¢ É·¨ · §  Ê³¥´ÓÏ¨ÉÓ ¢²¨Ö´¨¥
³¥¤²¥´´ÒÌ ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨ ´  ³μÐ´μ¸ÉÓ ¨ É¥³ ¸ ³Ò³ ¸´¨§¨ÉÓ É·¥¡μ-
¢ ´¨Ö ± · ¡μÉ¥ ¸¨¸É¥³Ò  ¢Éμ³ É¨Î¥¸±μ° ¸É ¡¨²¨§ Í¨¨ ³μÐ´μ¸É¨. �·¥¤² £ ¥É¸Ö
´¥°·μ¸¥É¥¢μ¥ ·¥Ï¥´¨¥ § ¤ Î¨ ¶·μ£´μ§¨·μ¢ ´¨Ö ¸ ¶·¨³¥´¥´¨¥³ ´¥²¨´¥°´ÒÌ  ¢Éμ-
·¥£·¥¸¸¨μ´´ÒÌ ¸¥É¥° ¸ μ¡· É´μ° ¸¢Ö§ÓÕ. �¥§Ê²ÓÉ ÉÒ ¶·μ£´μ§¨·μ¢ ´¨Ö ¸ ¶μ£·¥Ï-
´μ¸ÉÓÕ ∼ 5% ¸μ¢¶ ¤ ÕÉ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2016

Pepelyshev Yu.N., Tsogtsaikhan Ts. P13-2016-10
Prediction of the Thermal Dynamic Parameters Fluctuation
of Coolant System of the IBR-2M Reactor Using Neural Networks

This paper presents an artiˇcial neural network method for long-term prediction
of the thermal dynamic parameters of primary coolant circuit of the IBR-2M reactor.
The main goal is to predict the temperature and liquid sodium 
ow rate through the
core and thermal power. It is shown that the prediction can reduce three times the
effects of slow reactivity 
uctuations in power and decrease the requirements for
the automatic power stabilization system. Nonlinear autoregressive neural network
(NAR) with local feedback connection has been considered. The results of prediction
error ∼ 5% coincide with the experimental ones.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚ ¶·μÍ¥¸¸¥ ´μ·³ ²Ó´μ° · ¡μÉÒ ˆ	�-2Œ ¸²ÊÎ °´μ¥ ¨§³¥´¥´¨¥ É¥¶²μ¤¨-
´ ³¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¶¥·¢μ£μ ±μ´ÉÊ·  ´ É·¨¥¢μ° ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö  ±-
É¨¢´μ° §μ´Ò (�‡) ·¥ ±Éμ·  ¢Ò§Ò¢ ¥É ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨¥ ±μ²¥¡ ´¨Ö ·¥ ±É¨¢-
´μ¸É¨, ±μÉμ·Ò¥ ¶·¨¢μ¤ÖÉ ± ¨§³¥´¥´¨Õ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ¨, ¸μμÉ¢¥É¸É¢¥´´μ,
³μÐ´μ¸É¨. ‘¨¸É¥³   ¢Éμ³ É¨Î¥¸±μ° ¸É ¡¨²¨§ Í¨¨ ±μ³¶¥´¸¨·Ê¥É ÔÉ¨ ¨§³¥´¥-
´¨Ö ¨ ¶μ¤¤¥·¦¨¢ ¥É ³μÐ´μ¸ÉÓ ´  § ¤ ´´μ³ Ê·μ¢´¥. Šμ´Í¥¶Í¨Ö ¸É ¡¨²¨§ -
Í¨¨ ³μÐ´μ¸É¨ ¡ §¨·Ê¥É¸Ö ´  §´ ´¨¨ Ô´¥·£¨¨ É¥±ÊÐ¥£μ ¨ ´¥±μÉμ·μ£μ Î¨¸² 
¶·¥¤Ò¤ÊÐ¨Ì ¨³¶Ê²Ó¸μ¢, É. ¥. ´  §´ ´¨¨ Éμ£μ, ÎÉμ Ê¦¥ ¡Ò²μ. �·¨ ÔÉμ³ Í¥´-
´μ¸ÉÓ ¶·¥¤Ò¤ÊÐ¥° ¨´Ëμ·³ Í¨¨ ¸μ ¢·¥³¥´¥³ Ê³¥´ÓÏ ¥É¸Ö. ‚¶μ²´¥ μÎ¥¢¨¤´μ,
ÎÉμ §´ ´¨Ö μ¡ Ô´¥·£¨¨ ¶μ¸²¥¤ÊÕÐ¨Ì ¶μ μÉ´μÏ¥´¨Õ ± É¥±ÊÐ¥³Ê ¨³¶Ê²Ó¸μ¢
³μÐ´μ¸É¨, ¨²¨ μ ¶μ¸²¥¤ÊÕÐ¥³ ¨§³¥´¥´¨¨ ·¥ ±É¨¢´μ¸É¨, ³μ£ÊÉ ¶μ¢Ò¸¨ÉÓ Ê·μ-
¢¥´Ó ¸É ¡¨²¨§ Í¨¨ ¨ μ¡²¥£Î¨ÉÓ ´ ¶·Ö¦¥´´Ò° ·¥¦¨³ · ¡μÉÒ ¸ ³μ° ¸¨¸É¥³Ò
¸É ¡¨²¨§ Í¨¨. –¥²ÓÕ · ¡μÉÒ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤μ¢ ´¨¥ ¢μ§³μ¦´μ¸É¨ ¶·μ£´μ§¨-
·μ¢ ´¨Ö ±μ²¥¡ ´¨° É¥¶²μ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö  ±-
É¨¢´μ° §μ´Ò ˆ	�-2Œ ¨ ¸¢Ö§ ´´ÒÌ ¸ ´¨³¨ ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨. ’ ±¦¥
 ´ ²¨§¨·Ê¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ Ê³¥´ÓÏ¥´¨Ö ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨ ¶μ ¤ ´´Ò³
¶·μ£´μ§ .

ˆ‘•�„�›… �Š‘�…�ˆŒ…�’�‹œ�›… „���›…
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�¥ ±Éμ· ˆ	�-2Œ · ¡μÉ ¥É Í¨±² ³¨: ¤¢¥ ´¥¤¥²¨ ¸ ³μÐ´μ¸ÉÓÕ 2 Œ‚É,
§ É¥³ μ¸É ´ ¢²¨¢ ¥É¸Ö ´  ´¥¤¥²Õ (³μÐ´μ¸ÉÓ ¡²¨§±  ± ´Ê²¥¢μ°). –¨±²Ò ¶¥·¨-
μ¤¨Î¥¸±¨ ¶μ¢Éμ·ÖÕÉ¸Ö.

ˆ¸Ìμ¤´Ò° ¢·¥³¥´´μ° ·Ö¤ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ³ ¸¸¨¢ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ
§´ Î¥´¨° · ¸Ìμ¤  ´ É·¨Ö (GΣ), É¥³¶¥· ÉÊ·Ò ´ É·¨Ö ´  ¢Ìμ¤¥ ¢ �‡ (T¢Ì), É¥¶-
²μ¢μ° ³μÐ´μ¸É¨ (WT ) ¨ ¢¥²¨Î¨´Ò, ¶·μ¶μ·Í¨μ´ ²Ó´μ° ¶μ¤μ£·¥¢Ê (WT /GΣ).
‡  ´¥¸±μ²Ó±μ ·¥ ±Éμ·´ÒÌ Í¨±²μ¢ ¢ É¥Î¥´¨¥ 2014 £. ¨§³¥·¥´Ò ¸²¥¤ÊÕÐ¨¥
¶ · ³¥É·Ò:

• É¥³¶¥· ÉÊ·  ´ É·¨Ö ´  ¢Ìμ¤¥ (T¢Ì) ¨ ¢ÒÌμ¤¥ (T¢ÒÌ) �‡;
• · ¸Ìμ¤ ´ É·¨Ö ¢ ¶¥É²ÖÌ � (G�) ¨ 	 (G	) ¶¥·¢μ£μ ±μ´ÉÊ·  ¸ ¸Ê³³ ·´Ò³

· ¸Ìμ¤μ³ GΣ = G� + G	.
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�¥·¨μ¤ μ¶·μ¸  ¤ ´´ÒÌ ¤²Ö ¢¸¥Ì ¶ · ³¥É·μ¢ ¸μ¸É ¢¨² 0,1 ¸. „²¨´  ¢·¥³¥´-
´μ£μ ·Ö¤  ¢ ¨§³¥·¥´¨ÖÌ ¤μ¸É¨£²  ∼ 6 ·106 §´ Î¥´¨°. ’¥¶²μ¢ Ö ³μÐ´μ¸ÉÓ (WT )
μÍ¥´¨¢ ² ¸Ó ± ± WT = GΣ(ΔT −0,252)/3,15, £¤¥ ΔT = (T¢ÒÌ−T¢Ì) Å ¶μ¤μ-
£·¥¢ ´ É·¨Ö ¢  ±É¨¢´μ° §μ´¥. „ ´´ Ö ¢Ò¡μ·±  §´ Î¥´¨° ¶ · ³¥É·μ¢ Ö¢²Ö¥É¸Ö
μ¸´μ¢μ° ¤²Ö ¶·μ£´μ§¨·μ¢ ´¨Ö. � ¸¶μ²μ¦¥´¨¥ ¨§³¥·¨É¥²Ó´ÒÌ ¤ ÉÎ¨±μ¢ ¢ ¶¥·-
¢μ³ ±μ´ÉÊ·¥ ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö �‡ ¶·¨¢¥¤¥´μ ´  ·¨¸. 1.

�¨¸. 1. �·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö ·¥ ±Éμ·  ˆ	�-2Œ ¸ ¨§³¥·¨É¥²Ó-
´Ò³¨ ¤ ÉÎ¨± ³¨ · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§ �‡ (GΣ), · ¸Ìμ¤  ´ É·¨Ö ¶¥·¢μ£μ ±μ´ÉÊ·  ¢
¶¥É²ÖÌ � (G�) ¨ 	 (G	), É¥³¶¥· ÉÊ·Ò ´ É·¨Ö ´  ¢ÒÌμ¤¥ (T¢ÒÌ) ¨ ¢Ìμ¤¥ (T¢Ì) �‡

‚ ± Î¥¸É¢¥ ¸¨¸É¥³Ò ¶·μ£´μ§¨·μ¢ ´¨Ö ¢Ò¡· ´  ³μ¤¥²Ó ´¥°·μ´´μ° ¸¥É¨
(�‘) [1, 2]. �É  ¨´É¥²²¥±ÉÊ ²Ó´ Ö ¸¨¸É¥³  ¸¶μ¸μ¡´  ¶·μ£´μ§¨·μ¢ ÉÓ § ±μ´μ-
³¥·´μ¸É¨ ¢·¥³¥´´ÒÌ ·Ö¤μ¢ ¨ Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ · §²¨Î´ÒÌ μ¡² ¸ÉÖÌ
´ Ê±¨ ¨ É¥Ì´¨±¨ [3]. �μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ³¥Éμ¤¨±¨ ¨¸¶μ²Ó§μ¢ ´¨Ö �‘
´  ˆ	�-2Œ ¶·¥¤¸É ¢²¥´μ ¢ [1]. Š· É±μ¥ μ¶¨¸ ´¨¥ ÔÉμ° ³¥Éμ¤¨±¨ ¸²¥¤ÊÕ-
Ð¥¥. �¸´μ¢Ê ¶·μ£´μ§¨·μ¢ ´¨Ö ¸μ¸É ¢²Ö¥É ´¥²¨´¥°´ Ö  ¢Éμ·¥£·¥¸¸¨μ´´ Ö ¸¥ÉÓ
(NAR), ±μÉμ· Ö μÉ´μ¸¨É¸Ö ± ±² ¸¸Ê ·¥±Ê··¥´É´ÒÌ ´¥°·μ´´ÒÌ ¸¥É¥° (¸ μ¡· É-
´Ò³¨ ¸¢Ö§Ö³¨) ¨, ¢ ¸¢μÕ μÎ¥·¥¤Ó, μ¸´μ¢ ´  ´  ´¥²¨´¥°´μ°  ¢Éμ·¥£·¥¸¸¨μ´´μ°
³μ¤¥²¨ [4Ä7]. ˆ¸¶μ²Ó§μ¢ ´¨¥ NAR, ± ± ¶μ± § ´μ ¢ [8], ¶μ§¢μ²Ö¥É ·¥Ï¨ÉÓ § -
¤ ÎÊ ¶·μ£´μ§¨·μ¢ ´¨Ö ´  ¸¨²Ó´μ § ÏÊ³²¥´´ÒÌ ¢·¥³¥´´ÒÌ ·Ö¤ Ì, ÎÉμ ¨³¥¥É
³¥¸Éμ ¢ ¨§³¥·Ö¥³ÒÌ ¶ · ³¥É· Ì ˆ	�-2Œ.
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‚ÒÌμ¤´μ¥ §´ Î¥´¨¥ ¸¥É¨ y · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶μ Ëμ·³Ê²¥

y = f

(
b +

∑
i

wixi

)
,

£¤¥ f Å ËÊ´±Í¨Ö  ±É¨¢ Í¨¨; b Å §´ Î¥´¨¥ ¸³¥Ð¥´¨Ö (bias); wi Å ¢¥¸μ¢μ°
±μÔËË¨Í¨¥´É, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° i-³Ê ´¥°·μ´Ê; xi Å ¢Ìμ¤ ¨ y Å ¢ÒÌμ¤.

‚ μ¡Ð¥³ ¸²ÊÎ ¥ ´¥²¨´¥°´ Ö  ¢Éμ·¥£·¥¸¸¨μ´´ Ö ¸¥ÉÓ μ¶¨¸Ò¢ ¥É¸Ö ·¥±Ê·-
·¥´É´Ò³ Ê· ¢´¥´¨¥³

y(t) = f(x(t − 1) + x(t − 2) + . . . + x(t − d)),

£¤¥ x(t) Å ¢Ìμ¤´μ° ¸¨£´ ²; y(t) Å ¢ÒÌμ¤´μ° ¸¨£´ ² (¶·μ£´μ§¨·Ê¥³Ò¥ ¶ · -
³¥É·Ò: GΣ, T¢Ì, WT , WT /GΣ); d Å Î¨¸²μ § ¤¥·¦¥± ¶μ ¢Ìμ¤´μ³Ê ¸¨£´ ²Ê.

‚ ¶·μÍ¥¸¸¥ μ¡ÊÎ¥´¨Ö ± ¦¤Ò° i-° ´¥°·μ´ ¨§³¥´Ö¥É ¢¥¸ ¶μ Ëμ·³Ê²¥

Δwi = −η
∂e

∂wi
,

£¤¥ η Å ¶ · ³¥É·, Ì · ±É¥·¨§ÊÕÐ¨° ¸±μ·μ¸ÉÓ μ¡ÊÎ¥´¨Ö; e Å μÏ¨¡±  μ¡ÊÎ¥-
´¨Ö [9, 10].

‚¥¸μ¢μ° ¢¥±Éμ· i-£μ ´¥°·μ´  μ¡´μ¢²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥

wi(new) = wi(old) + Δwi,

£¤¥ wi(new), wi(old) Å ¨§³¥´¥´´Ò° ¨ ¶·¥¤Ï¥¸É¢ÊÕÐ¨° ¥³Ê ¢¥¸ i-£μ ´¥°-
·μ´ . �μ¸²¥ μ¡ÊÎ¥´¨Ö, ±μ£¤  ¢¸¥ ¢¥¸μ¢Ò¥ ±μÔËË¨Í¨¥´ÉÒ § Ë¨±¸¨·μ¢ ´Ò, ¢
¸É·Ê±ÉÊ·Ê NAR ¢¢μ¤¨² ¸Ó μ¡· É´ Ö ¸¢Ö§Ó.

„²Ö Ê³¥´ÓÏ¥´¨Ö ¢²¨Ö´¨Ö ÏÊ³μ¢μ° ±μ³¶μ´¥´ÉÒ ´  ·¥§Ê²ÓÉ É ¶·μ£´μ§  ¶¥-
·¥¤ ¢Ìμ¤μ³ ¢ ´¥°·μ´´ÊÕ ¸¥ÉÓ ¡Ò² ¤μ¡ ¢²¥´ ³¥¤¨ ´´Ò° Ë¨²ÓÉ· [11Ä13]. �·Ì¨-
É¥±ÉÊ·  ´¥²¨´¥°´μ°  ¢Éμ·¥£·¥¸¸¨μ´´μ° ¸¥É¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 2. ˆ¸¶μ²Ó§μ-
¢ ²¨¸Ó μ¤´μ- ¨ ¤¢ÊÌ¸²μ°´Ò¥ ³μ¤¥²¨ ¸ Î¨¸²μ³ ´¥°·μ´μ¢ 10, 20 ¨ 30. —¨¸²μ
§ ¤¥·¦¥± ¶μ ¢Ìμ¤Ê ¨§³¥´Ö²μ¸Ó μÉ 44 ¤μ 88.

�¨¸. 2. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  ¸¥É¨ NAR
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�  ·¨¸. 3 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶·μ£´μ§¨·μ¢ ´¨Ö, ¶μ± § ´μ ¨§³¥´¥´¨¥
¶·μ£´μ§¨·Ê¥³μ° É¥¶²μ¢μ° ³μÐ´μ¸É¨ (WT ) ¨ μÉ´μÏ¥´¨¥ É¥¶²μ¢μ° ³μÐ´μ¸É¨
± · ¸Ìμ¤Ê ´ É·¨Ö Î¥·¥§ �‡, É. ¥. ¢¥²¨Î¨´Ò, ¶·μ¶μ·Í¨μ´ ²Ó´μ° ¨§³¥´¥´¨Õ
¶μ¤μ£·¥¢  ´ É·¨Ö ¢ �‡ (WT /GΣ).

Š ± ¶μ± § ²  ´ ²¨§ ·¥§Ê²ÓÉ Éμ¢ ¶·μ£´μ§¨·μ¢ ´¨Ö, ³¥¤²¥´´μ¥ ¶μ¢¥¤¥´¨¥
(´  Ê·μ¢´¥ ¸ÊÉμÎ´ÒÌ ±μ²¥¡ ´¨°) μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ¶¥·¢μ£μ ±μ´ÉÊ·  ¸¨-

�¨¸. 3. �·μ£´μ§ ¨§³¥´¥´¨Ö · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§ �‡ (GΣ) ( ), É¥³¶¥· ÉÊ·Ò ´ É·¨Ö ´ 
¢Ìμ¤¥ ¢ �‡ (T¢Ì) (¡), ¢¥²¨Î¨´Ò, ¶·μ¶μ·Í¨μ´ ²Ó´μ° ¶μ¤μ£·¥¢Ê (WT /GΣ) (¢) ¨ É¥¶²μ¢μ°
³μÐ´μ¸É¨ (WT ) (£); t Å ¢·¥³Ö · ¡μÉÒ ·¥ ±Éμ· 
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¸É¥³Ò μÌ² ¦¤¥´¨Ö �‡ ˆ	�-2Œ ³μ¦´μ ¶·¥¤¸± § ÉÓ ¸ ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó-
´μ° ¶μ£·¥Ï´μ¸ÉÓÕ (∼ 5%) ´  ¢·¥³¥´´ÒÌ ¨´É¥·¢ ² Ì · ¡μÉÒ ·¥ ±Éμ·  ¢¶²μÉÓ
¤μ 5Ä7 ¸ÊÉμ±. —Éμ¡Ò ¶·¥¤¸± § ÉÓ ¡μ²¥¥ Éμ´±¨¥ ¤¥É ²¨ ¨§³¥´¥´¨Ö ¶ · ³¥É·μ¢,
É. ¥. ¡μ²¥¥ ¢Ò¸μ±μÎ ¸ÉμÉ´Ò¥ ±μ²¥¡ ´¨Ö É¥³¶¥· ÉÊ·Ò ¨ · ¸Ìμ¤ , ¨¸¶μ²Ó§μ¢ ²¨
¸²¥¤ÊÕÐ¨°  ²£μ·¨É³ μ¡ÊÎ¥´¨Ö ¨ ¶·¥¤¸± § ´¨Ö. �  μ¸´μ¢¥ ¢Ò¡μ·±¨ §  ¢¥¸Ó
¶·¥¤Ò¤ÊÐ¨° ·¥ ±Éμ·´Ò° Í¨±², É. ¥. ¶·¨¡²¨§¨É¥²Ó´μ §  ¤¥¸ÖÉÓ ¤´¥° · ¡μÉÒ
·¥ ±Éμ· , ¶·μ¢μ¤¨²μ¸Ó μ¡ÊÎ¥´¨¥ ´¥°·μ´´μ° ¸¥É¨. ‡ É¥³ ¢ ´μ¢μ³ Í¨±²¥ ´ 
μ¸´μ¢¥ μ¡ÊÎ¥´¨Ö ¸¥É¨ §  ¶·¥¤Ò¤ÊÐ¨° Í¨±² ¤²Ö ¢¸¥Ì Ê± § ´´ÒÌ ¢ÒÏ¥ ¶ · -
³¥É·μ¢ ¢Ò¶μ²´Ö² ¸Ó ¶·μÍ¥¤Ê·  ¶·μ£´μ§¨·μ¢ ´¨Ö ´  ¨´É¥·¢ ²¥ μ¤´¨ ¸ÊÉ±¨.
„ ²¥¥ É¥±ÊÐ¨¥ ¤ ´´Ò¥ ¶μ¸²¥¤μ¢ É¥²Ó´μ ´ ± ¶²¨¢ ²¨¸Ó ¢ μ¡Ð¥³ ³ ¸¸¨¢¥, ¶μ
±μÉμ·μ³Ê Ï²μ μ¡ÊÎ¥´¨¥. ’ ±¨³ μ¡· §μ³, ¢Ò¶μ²´Ö² ¸Ó ¸±μ²Ó§ÖÐ Ö μ¶¥· Í¨Ö
¸ÊÉμÎ´μ£μ ¶·μ£´μ§ , ·¥§Ê²ÓÉ ÉÒ ±μÉμ·μ£μ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3. „²Ö ´ £²Ö¤-
´μ¸É¨ ¶·μ£´μ§¨·μ¢ ´¨¥ ¨ μ¡ÊÎ¥´¨¥ ¢Ò¶μ²´Ö²μ¸Ó ¢ μ¤´μ³ (É¥±ÊÐ¥³) Í¨±²¥.
‚¨¤´μ ¢¶μ²´¥ ¶·¨¥³²¥³μ¥ ¶·μ£´μ§¨·μ¢ ´¨¥ É¥³¶¥· ÉÊ·Ò, · ¸Ìμ¤  ´ É·¨Ö ¨
É¥¶²μ¢μ° ³μÐ´μ¸É¨ ·¥ ±Éμ· . • · ±É¥·´μ° μ¸μ¡¥´´μ¸ÉÓÕ ¨§³¥´¥´¨Ö É¥¶²μ-
¢μ° ³μÐ´μ¸É¨ ˆ	�-2Œ ¢ ¶·μÍ¥¸¸¥ ·¥ ±Éμ·´μ£μ Í¨±²  Ö¢²Ö¥É¸Ö ®¤¥£· ¤ Í¨Ö¯
³μÐ´μ¸É¨ ´  50Ä100 ±‚É.

� ¸¸³μÉ·¨³ ¸²ÊÎ °´μ¥ ¨§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨, ¤¥°¸É¢ÊÕÐ¥¥ ¸μ ¸Éμ·μ´Ò
¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö �‡, ¥¥ ¶·μ£´μ§ ¨ ¢μ§³μ¦´μ¸ÉÓ Ê³¥´ÓÏ¥´¨Ö ¥¥ ±μ²¥¡ -
´¨° ´  μ¸´μ¢¥ ¶·μ£´μ§ . ˆ§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ¶·¨ μÉ±²μ´¥´¨¨ É¥³¶¥-
· ÉÊ·Ò ρT (t) ¨ · ¸Ìμ¤  ´ É·¨Ö ρGΣ(t) μÉ ¨Ì ¸·¥¤´¨Ì §´ Î¥´¨° G0 ¨ T0

μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

ρGΣ(t) =
∂K

∂GΣ
[GΣ(t) − G0], ρT¢Ì(t) =

∂K

∂T
[T¢Ì(t) − T0],

£¤¥ ∂K/∂GΣ, ∂K/∂T Å · ¸Ìμ¤´Ò° ¨ ¨§μÉ¥·³¨Î¥¸±¨° ±μÔËË¨Í¨¥´ÉÒ ·¥ ±-
É¨¢´μ¸É¨ ¸μμÉ¢¥É¸É¢¥´´μ.

ˆ§μÉ¥·³¨Î¥¸±¨° ±μÔËË¨Í¨¥´É ·¥ ±É¨¢´μ¸É¨ Å ÔÉμ ¨§³¥´¥´¨¥ ±μÔËË¨-
Í¨¥´É  · §³´μ¦¥´¨Ö ¶·¨ ³¥¤²¥´´μ³ (±¢ §¨¸É É¨Î¥¸±μ³) ¨§³¥´¥´¨¨ É¥³¶¥-
· ÉÊ·Ò ´ É·¨Ö ´  ¢Ìμ¤¥ ¢  ±É¨¢´ÊÕ §μ´Ê ´  1 ◦‘ ¶·¨ ¶μ¸ÉμÖ´´ÒÌ §´ Î¥-
´¨ÖÌ ³μÐ´μ¸É¨ ¨ · ¸Ìμ¤  ´ É·¨Ö. ‚ ¸·¥¤´¥³ ¨§μÉ¥·³¨Î¥¸±¨° ±μÔËË¨-
Í¨¥´É ´¥ § ¢¨¸¨É μÉ ³μÐ´μ¸É¨ ·¥ ±Éμ·  ¨ · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§ �‡ ¨ · ¢¥´
−(1,19 ± 0,10) · 10−2 βÔË/◦‘ [14]. ‚ μ¡Ð¥³ ¸²ÊÎ ¥ · ¸Ìμ¤´Ò° ±μÔËË¨Í¨¥´É
·¥ ±É¨¢´μ¸É¨ ¸²μ¦´Ò³ μ¡· §μ³ § ¢¨¸¨É μÉ É¥³¶¥· ÉÊ·Ò ´ É·¨Ö ¨ ³μÐ´μ-
¸É¨ ·¥ ±Éμ· . �·¨ ³¥¤²¥´´μ³ ¨§³¥´¥´¨¨ ³μÐ´μ¸É¨ ¨ · ¸Ìμ¤  ´ É·¨Ö ¢ ´¥-
¡μ²ÓÏ¨Ì ¶·¥¤¥² Ì (¤μ ∼ 10%) §´ Î¥´¨¥ · ¸Ìμ¤´μ£μ ±μÔËË¨Í¨¥´É  ·¥ ±-
É¨¢´μ¸É¨ ³μ¦´μ ¶·¨´ÖÉÓ · ¢´Ò³  ¸¨³¶ÉμÉ¨Î¥¸±¨ Ê¸É ´μ¢¨¢Ï¥³Ê¸Ö §´ Î¥´¨Õ
−0,7 · 10−2 βÔË/(³3/Î) [14, 15].

�μ¸±μ²Ó±Ê ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ¶·μÍ¥¸¸Ò ρGΣ(t) ¨ ρT (t) ´¥§ ¢¨¸¨³Ò,
Éμ ¸Ê³³ ·´μ¥ ¢μ§¤¥°¸É¢¨¥ · ¸Ìμ¤  ¨ É¥³¶¥· ÉÊ·Ò ´ É·¨Ö ´  ·¥ ±É¨¢´μ¸ÉÓ
μ¶·¥¤¥²Ö¥É¸Ö ¨Ì ¸Ê³³μ°:

ρΣ(t) = ρGΣ(t) + ρT¢Ì(t).
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�¨¸. 4. ˆ§³¥´¥´¨¥ ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨ ρΣ(t), μ¡Ê¸²μ¢²¥´´μ° ´¥¸É ¡¨²Ó´μ¸ÉÓÕ É¥-
¶²μ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¶¥·¢μ£μ ±μ´ÉÊ·  ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö �‡, ¨ μ¸É ÉμÎ´ Ö
·¥ ±É¨¢´μ¸ÉÓ ΔρΣ, ¶μ²ÊÎ¥´´ Ö ´  μ¸´μ¢¥ ¶·μ£´μ§ 

�¨¸. 5. �²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨, ¤¥°¸É¢ÊÕÐ¥° ¸μ ¸Éμ·μ´Ò
¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö �‡, ¤μ (ρΣ) ¨ ¶μ¸²¥ (ΔρΣ) ¶·μ£´μ§  (a); · ¸¶·¥¤¥²¥´¨¥ ±μ²¥¡ -
´¨° É¥¶²μ¢μ° ³μÐ´μ¸É¨ ¤μ (WT ) ¨ ¶μ¸²¥ (ΔWT ) ¶·μ£´μ§  (¡)
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‘μμÉ¢¥É¸É¢¥´´μ, ¸Ê³³ ·´ Ö ·¥ ±É¨¢´μ¸ÉÓ ¶·μ£´μ§¨·Ê¥³ÒÌ ¶·μÍ¥¸¸μ¢ ρ∗
GΣ

(t)
¨ ρ∗T (t) ¡Ê¤¥É · ¢´ 

ρ∗Σ(t) = ρ∗GΣ
(t) + ρ∗T¢Ì

(t).

�·μ£´μ§¨·Ê¥³ Ö ·¥ ±É¨¢´μ¸ÉÓ ρ∗Σ(t) Å § · ´¥¥ ¨§¢¥¸É´Ò° ¶·μÍ¥¸¸, ±μÉμ-
·Ò° ¢ ¶·¨´Í¨¶¥ ³μ¦¥É ¡ÒÉÓ ¨¸±²ÕÎ¥´ ¨§ μ¡Ð¥£μ ¨§³¥´¥´¨Ö ·¥ ±É¨¢´μ¸É¨
(·¨¸. 4). ‘¶μ¸μ¡ ¨¸±²ÕÎ¥´¨Ö ³μ¦¥É ¡ÒÉÓ · §´Ò³ (´ ¶·¨³¥·, ¢¢¥¤¥´¨¥ ·¥ ±-
É¨¢´μ¸É¨ ρ∗Σ(t) ¸ μ¡· É´Ò³ §´ ±μ³ ¸ ¶μ³μÐÓÕ ¤μ¶μ²´¨É¥²Ó´μ£μ μ·£ ´  ·¥-
£Ê²¨·μ¢ ´¨Ö). ‚ ¤ ´´μ³ ¸²ÊÎ ¥ ÔÉμ ´¥ ¶·¨´Í¨¶¨ ²Ó´μ, ¶μ¸±μ²Ó±Ê ¨§ÊÎ ¥É¸Ö
Éμ²Ó±μ ¸ ³  ¢μ§³μ¦´μ¸ÉÓ ±μ³¶¥´¸ Í¨¨ ·¥ ±É¨¢´μ¸É¨,   ´¥ ¸¶μ¸μ¡ ¥¥ ·¥ ²¨-
§ Í¨¨. ’μ£¤  μ¸É ÉμÎ´ Ö ·¥ ±É¨¢´μ¸ÉÓ

ΔρΣ(t) = ρΣ(t) − ρ∗Σ(t)

Ë ±É¨Î¥¸±¨ μ¶·¥¤¥²Ö¥É¸Ö μÏ¨¡±μ° ¶·μ£´μ§  ¨, ± ± ¢¨¤´μ ¨§ ·¨¸. 5, ¡μ²¥¥ Î¥³
¢ É·¨ · §  ³¥´ÓÏ¥ ±μ²¥¡ ´¨° ¨¸Ìμ¤´μ° ·¥ ±É¨¢´μ¸É¨. �μ  ´ ²μ£¨¨ ¸ ·¥ ±-
É¨¢´μ¸ÉÓÕ μ¸É ÉμÎ´Ò¥ ±μ²¥¡ ´¨Ö É¥¶²μ¢μ° ³μÐ´μ¸É¨ (ΔWT ) ¡Ê¤ÊÉ · ¢´Ò

ΔWT (t) = WT (t) − W ∗
T (t),

£¤¥ W ∗
T (t) Å ¶·μ£´μ§¨·Ê¥³ Ö ³μÐ´μ¸ÉÓ. � · ³¥É·Ò · ¸¶·¥¤¥²¥´¨Ö ±μ²¥¡ -

´¨° ·¥ ±É¨¢´μ¸É¨ ¨ É¥¶²μ¢μ° ³μÐ´μ¸É¨ ¤μ ¨ ¶μ¸²¥ ¶·μ£´μ§  ¶·¨¢¥¤¥´Ò ¢
É ¡²¨Í¥.

� · ³¥É·Ò · ¸¶·¥¤¥²¥´¨Ö ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨ ¨ É¥¶²μ¢μ° ³μÐ´μ¸É¨
¤μ (ρΣ, WT ) ¨ ¶μ¸²¥ (ΔρΣ, ΔWT ) ¶·μ£´μ§ : ¸É ´¤ ·É´μ¥ μÉ±²μ´¥´¨¥ (σ) ¨ · §³ Ì
±μ²¥¡ ´¨° (Δρmax)

� · ³¥É· σ Δρmax

’¥¶²μ¢ Ö ³μÐ´μ¸ÉÓ WT , ±‚É 3,20 25,94
�¸É ÉμÎ´μ¥ ±μ²¥¡ ´¨¥ É¥¶²μ¢μ° ³μÐ´μ¸É¨ ΔWT , ±‚É 1,26 7,66
‘Ê³³ ·´ Ö ·¥ ±É¨¢´μ¸ÉÓ ¶μ É¥³¶¥· ÉÊ·¥ ¨ · ¸Ìμ¤Ê ´ É·¨Ö ρΣ, βÔË 0,033 0,175
�¸É ÉμÎ´μ¥ ±μ²¥¡ ´¨¥ ·¥ ±É¨¢´μ¸É¨ ΔρΣ, βÔË 0,011 0,061

‚›‚�„

� §· ¡μÉ ´  ²£μ·¨É³ ¶·μ£´μ§¨·μ¢ ´¨Ö ±μ²¥¡ ´¨Ö μ¸´μ¢´ÒÌ É¥¶²μ¤¨´ -
³¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¶¥·¢μ£μ ±μ´ÉÊ·  ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö �‡ ˆ	�-2Œ ´ 
μ¸´μ¢¥  ¢Éμ·¥£·¥¸¸¨μ´´ÒÌ ´¥°·μ´´ÒÌ ¸¥É¥°. ‚ ·¥§Ê²ÓÉ É¥ ¶·μ£´μ§¨·μ¢ ´¨Ö
¶μ± § ´μ, ÎÉμ ´¥²¨´¥°´ Ö  ¢Éμ·¥£·¥¸¸¨μ´´ Ö ´¥°·μ´´ Ö ¸¥ÉÓ ¸ ¶μ£·¥Ï´μ¸ÉÓÕ
∼ 5 % ¶μ§¢μ²Ö¥É ¶·¥¤¸± §Ò¢ ÉÓ ¨§³¥´¥´¨¥ É¥¶²μ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·μ¢
¶¥·¢μ£μ ±μ´ÉÊ·  ¢ É¥±ÊÐ¥³ ·¥ ±Éμ·´μ³ Í¨±²¥ c ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤ ´´ÒÌ § 
¶·¥¤Ò¤ÊÐ¨° Í¨±². �  μ¸´μ¢¥ ¶·μ£´μ§¨·Ê¥³ÒÌ ¶ · ³¥É·μ¢ ¶¥·¢μ£μ ±μ´ÉÊ· 
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³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´  ¶·μ£´μ§¨·Ê¥³ Ö ·¥ ±É¨¢´μ¸ÉÓ, ±μÉμ·ÊÕ ³μ¦´μ ¨¸-
±²ÕÎ¨ÉÓ ¨§ ¢μ§¤¥°¸É¢¨Ö ´  ¸¨¸É¥³Ê ¸É ¡¨²¨§ Í¨¨ ³μÐ´μ¸É¨. � §¡·μ¸ ±μ²¥-
¡ ´¨° ·¥ ±É¨¢´μ¸É¨ ¨ ³μÐ´μ¸É¨ ¶·¨ ÔÉμ³ ³μ¦¥É ¡ÒÉÓ Ê³¥´ÓÏ¥´ ¢ É·¨ · § .
‚ Í¥²μ³, ¶μ¢ÒÏ ¥É¸Ö ´ ¤¥¦´μ¸ÉÓ ¨ ¡¥§μ¶ ¸´μ¸ÉÓ · ¡μÉÒ ·¥ ±Éμ· .

‹ˆ’…��’“��

1. �¥¶¥²ÒÏ¥¢ �. �., –μ£É¸ °Ì ´ –., �¸μ¸±μ¢ ƒ. �. ˆ¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤  ±² ¸É¥·-
´μ£μ  ´ ²¨§  ¨  ¢Éμ·¥£·¥¸¸¨μ´´ÒÌ ´¥°·μ´´ÒÌ ¸¥É¥° ¤²Ö ¤¨ £´μ¸É¨±¨ ÏÊ³μ¢ ·¥-
 ±Éμ·  ˆ	�-2Œ. �·¥¶·¨´É �ˆŸˆ �13-2015-47. „Ê¡´ , 2015.

2. �ÌÉß·μ¢ �. ‚., Š¨·¨²ÓÎ¥´±μ �. �. �¸´μ¢Ò É¥μ·¥É¨Î¥¸±μ° ·μ¡μÉμÉ¥Ì´¨±¨. ˆ¸±Ê¸-
¸É¢¥´´Ò¥ ´¥°·μ´´Ò¥ ¸¥É¨. Œ.: ˆŒ� ¨³. Œ.‚. Š¥²¤ÒÏ  ���, 2008.

3. Kriesel D. A Brief Introduction to Neural Network. 2005;
http://www.dkriesel.com/en/science/neural networks.

4. Anil K. Jain, Jianchang Mao, K.M. Mohiuddin. Artiˇcial Neural Networks: A Tutor-
ial // IEEE Comp. 1996. V. 29, No. 3. P. 31Ä44.

5. Huang J. et al. Forecasting Solar Radiation on an Hourly Time Scale Using a Coupled
Autoregressive and Dynamical System (CARDS) Model // Sol. Energy. 2013. V. 87.
P. 136Ä149.

6. Haykin S. Neural Networks: A Comprehensive Foundation. 2nd Ed. Prentice Hall,
1998.

7. Ljung L. System Identiˇcation: Theory for the User. 2nd Ed. Prentice Hall PTR, 1998.

8. Lee Giles C., Lawrence S., Ah Chung Tsoi. Noisy Time Series Prediction Using
Recurrent Neural Networks and Grammatical Inference // Machine Learning. 2001.
V. 44. P. 161Ä183.

9. Levenberg K. A Method for the Solution of Certain Problems in Least Squares //
Quart. Appl. Math. 1944. V. 2. P. 164Ä168.

10. Marquardt D. An Algorithm for Least-Squares Estimation of Nonlinear Parameters //
SIAM J. Appl. Math. 1963. V. 11. P. 431Ä441.

11. Rumelhart D. et al. Learning Internal Representation by Error Propagation // Ex-
plorations in the Microstructure of Cognition: Parallel Distributed Proc. Cambridge.
1986. V. 1.

12. Arce G. R. Nonlinear Signal Processing: A Statistical Approach. New Jersey, USA:
Wiley, 2005.

13. Huang T., Yang G., Tang G. A Fast Two-Dimensional Median Filtering Algorithm //
IEEE Trans. Acoust. 1979. V. 27, No. 1. P. 13Ä18.

14. �´ ´Ó¥¢ ‚. „. ¨ ¤·. �´¥·£¥É¨Î¥¸±¨° ¶Ê¸± ³μ¤¥·´¨§¨·μ¢ ´´μ£μ ·¥ ±Éμ·  ˆ	�-2
(ˆ	�-2Œ). �·¥¶·¨´É �ˆŸˆ �13-2012-42. „Ê¡´ , 2012.

15. �´ ´Ó¥¢ ‚. „. ¨ ¤·. ”¨§¨Î¥¸±¨° ¶Ê¸± ¨³¶Ê²Ó¸´μ£μ ¨¸¸²¥¤μ¢ É¥²Ó¸±μ£μ ·¥ ±Éμ· 
ˆ	�-2. ‘μμ¡Ð. �ˆŸˆ �13-2012-41. „Ê¡´ , 2012.

�μ²ÊÎ¥´μ 18 Ë¥¢· ²Ö 2016 £.



�¥¤ ±Éμ· …. ‚. ƒ·¨£μ·Ó¥¢ 

�μ¤¶¨¸ ´μ ¢ ¶¥Î ÉÓ 08.04.2016.
”μ·³ É 60× 90/16. 	Ê³ £  μË¸¥É´ Ö. �¥Î ÉÓ μË¸¥É´ Ö.

“¸². ¶¥Î. ². 0,69. “Î.-¨§¤. ². 0,83. ’¨· ¦ 215 Ô±§. ‡ ± § º 58791.

ˆ§¤ É¥²Ó¸±¨° μÉ¤¥² �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
141980, £. „Ê¡´ , Œμ¸±μ¢¸± Ö μ¡²., Ê².†μ²¨μ-ŠÕ·¨, 6.

E-mail: publish@jinr.ru
www.jinr.ru/publish/


