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��U>³�´¥(�'���, ÙÌ��^´�¤k(1��JøU
, Ïd§é

¥(UÄ�~ó�å�û½5�^. du��U>³����³3��4à�¸¥, ²~

kâu¯�u) [1], ¤±3;���U>³�¬É����¸�K�. ��U>³���

�5��É§Ý!�Ý!ËìK� [2]. ¢S²�w«, ���>âfËì´E¤��U>
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�>âfËì�¸e�1�Jø
�Æ�â. 
�uÚ�w [7] Mï
b	�\�Æ·Á

�, ¿¼�
Á�êâ. Äuî��IOnØ, ¦�ïá
\�Æ·Á��§, ¿��Ñ


��U>³�3Ëì�¸e�ó�Æ·. �\�ËìÁ��8�´�±�¯�¼�>³�

���5©Û(J [8]. 
\�Á�¥�±¼�>³�É�
õ�Jþ�b	�Ëì, ¤±

TÁ��±�XÛò�3;��U>³��Æ·Jø
�Æ�â.

3�©¥, ·�òé,�.Ò>³¡�¬\�Æ·Á�?1ïÄ. TÁ�ÿÁ
��

U>³¡3ØÓ\OËìJþe�òzÇ. �X>³¡É��\OËìJþ�O\, >³

¡�ÑÑõÇò¬Åì~�, ¤±����U>³��=z�Çòü$. >³¡�òzÇ

´�ÙÑÑõÇ�òzÇ [5]. T\�Á���O8�´�
��>³¡É��\OËìJ

þÚÙòzÇ�'X. ·�òÿþeZ�ØÓ�\OËìJþe>³¡�òzÇ. Á�L

§¥�\OËìJþ´ÏLÁ�¤ì���, ·��±3Á�còÙ�½.

ã 1 5�ËìJþe\Á�¥�*ÿêâ«¿ã

\�Á��êâXã 1¤«. lã¥�±²wwÑêâ´äkÉ��5�. duz�

>³¡�éu\OËìJþ�òz�Ý´Ø�U�����, äk�½��Å5, @o*

ÿêâKäk�\OËìJþ�'�Ø��, ù7,��É��5. ·�I�édäkÉ

��5�òzêâ?1©Û5����5ÚÆ·�µ�(Ø, �´L �ïÄ¥, éäk

É��5�òzêâïÄ$�. ARMA/GARCH (2Âg£8^�É���.)�.�±

5ýÿí�òzêâ�¸Ý5�ä´Ä��ýk�½�K� [9]. �5��É��òz´»

�É~�uÿ�{�JÑ [10]. �´ù
�{ÑÃ{����5ÚÆ·�íä(Ø. �©¥,

·�|^�5É���.5[ÜÁ�êâ, �OÑ�5É���.�¤këê, ����

��U>³����5ÚÆ·�©Ù.

�©��Yò©�n�Ü©, 1 2!�Ñ�µ�0�Ú�.�ïá, �)\�Á��

[!, �.�/ª, ��5µ��{ÚÆ·©Ù�íä. 1 3!ò�Ñ��¢~. 1 4!´

�©�o(.
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§2. �µ0��ï�

2.1 �.

3/¡\�Á�¥, ·��½
eZ�\OËìJþ u1, u2, . . . , up. ¿ÿþ
3z�

\OËìJþe>³¡�òzÇ. {zi,j}Mj=1L«3\OËìJþ uie, M �>³¡�òz

Ç (ykÑÑõÇ/Ð©ÑÑõÇ). Á�êâXã 1¤«. é²w�±wÑêâ´äkÉ�

�5�. ·�^�5É���.5[ÜTêâ, �.Xe:

Z = µ(U) + ε(U), (1)

µ(U) = a+ bU, (2)

ε(U) ∼ N(0, σ2(U)), (3)

σ2(U) = α+ βU, (4)

Ù¥, Z �L>³¡�òzÇ, U �L\OËìJþ.

úª (2)�Ñ
 µ(U)�L�ª, Ù¥ a�L\OËìJþ� 0��òzÇ, duËì

´�äK�å��¸Ï�, ´E¤�>³¡òz�Ì��Ï, ¤± a´�¬'��C 1. b

�L�´²þü ËìJþ¤E¤òz�, /��`, §´>³¡�éu\OËìJþ�

òz�Ý. $1�¸¥�pU~fËì¬é>³¡E¤�ú, l
¦�>³¡�ÑÑõÇ

ÅÚü$. duXÚé>³����5�¦ép, ¤±>³¡�òz�Ý'�ú, �Ò´é

u�3)·±Ïp�>³¡5`, b�ýé�¬'��. ¤±·��½>³¡�òz�Ý´

�~ê, l
²þòzÇ�éu\OËìJþÎÜ���5�..

úª (3)Ú (4)�Ñ
òzÇØ���©Ù. ù´�����ÅØ�, ØLT����

�´�X\OËìJþ U UC�. E¤ù�y��Ì��Ï´, ¤kÿÁ½ö¦^�>³

¡Ø�UÑUì�Ó��Ý?1òz, ØÓ>³¡òz��Ý´Ø�U�����, ù�

�Ý´�3�½��Å5�. ù���
, �X\OËìJþ�O�, ØÓ>³¡òzÇ�

�É�¬O�, �Ò´òzÇ���¬O�, ù�Ñy
É��5. �âúª (2), ·��

±wÑ, XJòz�Ý b�3����Ø��, òzÇ���Òò¬�\OËìJþ U �

', 
�´�5'X. ¤±·��½òzÇ����X\OËìJþO���Ý´ β, =ü

 \OËìJþE¤òzÇ���Cz�. ëê α¤�L�´, XòzÇ��Ø����

�, ù�ëê´���\OËìJþ U Ã'�~ê.

��.¥, a!b!αÚ β ´��ëê.

2.2 ��5µ�

�âúª (1) – (4), ·��±O�Ñ��U>³����5ÚÆ·.
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b���U>³�d N ��Ó.Ò�>³¡|¤, ��>³��ÑÑõÇ�¤k N

�>³¡�ÑÑõÇ�oÚ, @o, ��U>³��òzÇ=� N �>³¡òzÇ�²þ

�. ¤k>³¡�òzÇþÎÜúª (1) – (4)¥¤��.. XJ��U>³��òzÇ$

u�½�,�K� V , @o·�Ò@½T>³�®²��. âd, ·��±����U>³

����5:

R = P
{ 1

N

N∑
i=1

Zi > V
}

= P
{
µ(U) +

1

N

N∑
i=1

εi(U) > V
}

= P
{ 1

N

N∑
i=1

εi(U) > V − µ(U)
}
,

Ù¥, µ(U)�L>³¡3\OËìJþ U e�²þòzÇ, {εi(U)}Ni=1 �Lz�>³¡ò

zÇ��ÅØ��, =úª (3)¥¤�, TØ���\OËìJþ U k'.

éw,, \OËìJþ�½´�X�m t�O\
O\�, ¤±òzÇ´�X�m t�

O\
~��, ù�ÎÜ~n. ·�b�, 3>³�$1�¸¥, \OËìJþ��m t�

'X� U(t). @o��U>³����5=�L«�

R(t) = P
{ 1

N

N∑
i=1

εi(U(t)) > V − µ(U(t))
}

= 1− Φ
(√

N
V − (a+ bU(t))√

α+ βU(t)

)
. (5)

ù�, ��U>³��Æ·Ò�±��:

T =

∫ ∞
0

(
1− Φ

(√
N
V − (a+ bU(t))√

α+ βU(t)

))
dt. (6)

2.3 Æ·©Ùíä

�©¥òæ^ Fiducialíä�{ [11] 5����U>³��Æ·©Ù. ·�òkO�

�5É���.¥¤këê�Í¶þL«, ,�|^TÍ¶þL«����5ÚÆ·©Ù.

Äk, ·�O�3z���½�\OËìJþe, >³¡òzÇ�þ�Ú��. =é

i = 1, 2, . . . , p:

µi =
1

M

M∑
j=1

zi.j , σ2i =
1

M − 1

M∑
j=1

(zi.j − µi)2.

²L{ü©Û, ·��±��, éu¤k� i = 1, 2, . . . , p, Ñk (M − 1)σ2i /(α + βUi)

ÑlgdÝ�M − 1�k�©Ù, 
�§�´�pÕá�. y3� {χ2
i }

p
i=1� i.i.d.Ñlg

dÝ�M − 1�k�©Ù��ÅCþ. ù�·��±�� αÚ β �Í¶þL«�

β̂ =

1

p

p∑
i=1

ui
(M − 1)σ2i

χ2
i

−
(1

p

p∑
i=1

ui

)(1

p

p∑
i=1

(M − 1)σ2i
χ2
i

)
1

p

p∑
i=1

u2i −
(1

p

p∑
i=1

ui

)2 , (7)



1 1Ï ��Á, uû: �5É���.3��U>³òz9��5©Û¥�A^ 105

α̂ =
1

p

p∑
i=1

(M − 1)σ2i
χ2
i

− β̂
(1

p

p∑
i=1

ui

)
. (8)

aq�, ·��±��, éu¤k� i = 1, 2, . . . , p, Ñk (µi− a− bui)/
√
α̂+ β̂uiÑl

IO��©Ù, 
�§�´�pÕá�. y3� {ξi}pi=1 � i.i.d.ÑlIO��©Ù��Å

Cþ. ù�·��±�� aÚ b�Í¶þL«�

b̂ =

1

p

p∑
i=1

ui
(
µi −

√
α̂+ β̂ui ξi

)
−
(1

p

p∑
i=1

ui

)(1

p

p∑
i=1

(
µi −

√
α̂+ β̂ui ξi

))
1

p

p∑
i=1

u2i −
(1

p

p∑
i=1

ui

)2 , (9)

â =
1

p

p∑
i=1

(
µi −

√
α̂+ β̂ui ξi

)
− b̂
(1

p

p∑
i=1

ui

)
. (10)

y3·���
¤k��ëê�Í¶þL«, ·��±?�Ú����U>³��Æ

·©Ù. äNÚ½Xe:

Ú½�: )¤�X�IO��©Ù���¿P� {ξi}pi=1, )¤�X�gdÝ�M − 1k

�©Ù���¿P� {χ2
i }

p
i=1. |^úª (7) – (10)O�Ñ α̂!β̂!âÚ b̂. ��|

^úª (5)Ú (6)5O���5 R(t)ÚÆ· T .

Ú½�: ­E�1Ú½�K g. ù�·��±��K �Æ· T ��[(J. ?
|^ù

K �(J��Æ· T �þ�!��Ú©Ù.

§3. ¢~©Û

3ù�!, ·�ò|^þ�!JÑ��.Ú�{5©Û/¡\�Á��êâ.

3/¡\�Á�¥, ·�ýk�½ 5�\OËìJþ��, = p = 5, ©O�z²�f

�ØÓü �ê�>f. 3z�\OËìJþe, ·�©Oÿ½ 12���U>³¡�ÑÑ

õÇ, l
��§��òzÇêâ, ¤±M = 12.

·�|^þ�!��{, ­E�1Ú½� 10 000g, = K = 10 000, l
�� 10 000

� α̂! β̂! âÚ b̂�(J. ¦��þ�©O� −5.0422 × 10−6!2.0349 × 10−6!0.9552Ú

−7.2830× 10−4. [Ü(JXã 2¤«.

ã 2¥m�¢��L[Ü�²þòzÇ�(J. d	, ·�3ã¥��Ñ
òzÇ3

þ�üýü�IO�e���, =J�>.. ·��±wÑ, ý�Ü©êâ�´á3
T«

�¥, 
3���ü�\OËìJþ�e�Ü©òzÇêâ´á3
�O���	.

y3·�O�Ñ3��\OËìJþ�e, ¤kòzÇêâ�²þ�, O�(JXã 3

¤«. ·��±²wwÑ, Ø
�me��ù��:±	, Ù¦� 4�:²w/¤���5

�ª³, �me��ù��:�k
 l. �´duÁ�êâ�gCþ��, À���ék



106 A^VÇÚO 1 34ò

ã 2 Á�êâ�[Ü(J

ã 3 �\OËìJþ�e�òzÇþ�(J

`Ñå�þ�¼êJÝ'��, ¦^E,�¼ê�N´ÑyL[Ü��¹. d	, �âyk

��¥\OËìJþ¼ê�*ÿ(J5w, U�� U = 100�\OËìJþ, �I� 15�

20c±þ��m, ù®²�Ñ
��U>³���OÆ·�¦. ¤±�âc 4�:�/�,

�½þ�¼ê��5¼ê, ´'�ÎÜêâ/�, �U÷vµ��¦�. �´du l�N

�5ª³�����:gCþ U �'��, é[Ü(Jk
�½�K�.

b���U>³�d N = 1 000�>³¡|¤, 3Ù$1�¸¥, zUÉ��ËìJ

þ�ð½�z²�f� 1�ü �ê�>f, = U(t) = t. ù�·��±|^úª (6)��

10 000�ýOÆ·��[(J. ¦��ªÇ��ãXã 4¤«.

²L{üO�, ·��±��>³�Æ·�²þ�� 221.0818, IO�� 32.947. lã

/þw, T©Ùk
�éê��©Ù. ·�ò)¤�¤k>³�Æ·��[(J�éê, ,

�?1IOz. ·�é?nL�êâxÙIO�� Q-Qã, Xã 5¤«.

lã/þw, �,�[(J�'éê��©Ù�k
m Ý, �´3 (−2, 2)�m�Ü
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ã 4 ��U>³� (1 000¡)ýOÆ·�ªÇ��ã

ã 5 ?n��[(J�IO�� Q-Qã

©, �[(JÚé���´�~�C�. du��ó��¸�~E,, K�òz�Ï��~

õ, �8c��, ��U>³¡(��òzÅnEØ���Ù, y¹�´éÌ�K�Ï�k



)
®, Ã{lnØþ�âòzÅnî�`²ÙÆ·©Ù. d	, du�.�{�E,

§Ý�'�p, l�{��Ýþ5��Ù(��Æ·©Ù½ìC©Ù�'�(J. 
éê

��©Ù´��5©Û¥�~­�Ú~^�Æ·©Ù, Ùé£ãÉzÆÚÔnzÆL§¤

|��Æ·©Ù´��k��. 3��Nì��Æ·Á�Ú\�Æ·Á�¥, éê��©

Ù��
2�A^ [12]. 2\þ, �[(JloNþÚéê��©Ù�´'��C�, Ïd

·�äó>³�Æ·�©Ù´Ñléê��©Ù�. ²L{üO��, �±��Téê�

�©Ù�ëê©O� 5.4Ú 0.14.

3ff�O�L§¥, ·�b�
��U>³�¥d 1 000�>³¡|¤, @o�e5

·��?Ø, XJ��U>³�äkØÓ�>³¡�ê, =ØÓ� N , 1��U>³��Æ

·´Ä¬kª³5�Cz.

·�b½��U>³�d�«ØÓ�ê�>³¡|¤, äN>³¡�ê��½XL 1

¥¤�. ,�·�­Eþãó�©OO�3z�>³¡�ê�b½e, >³�Æ·�þ�
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ÚIO�, (J�3L 1¥.

L 1 ØÓ>³¡�êb½e��U>³�Æ·�þ��IO�

>³¡�ê ýOÆ·þ� ýOÆ·IO�

1 223.5018 32.116

4 222.5299 33.369

7 222.2050 32.485

10 222.1318 32.473

40 221.3732 32.330

70 221.6605 32.337

100 221.0327 32.108

400 221.3944 33.074

700 221.6289 32.715

1 000 221.0818 32.947

4 000 221.3107 32.602

7 000 221.4368 33.026

10 000 221.4606 32.165

40 000 221.4730 32.796

70 000 222.1231 33.270

lL 1¥�±wÑ, ØÓ>³¡�êéA�ýOÆ·þ��IO�´�Øõ�, �¿

vké²w�ª³½ö5Æ. 
3·�À�
 10�Ú 40 000�>³¡�¹e�(J, xÑ


ýOÆ·�[��ªÇ��ã (ã 6Úã 7)��, uyùü�ã/Ú¥ 1 000�>³¡

�(J (ã 4)�~�q. y3·��±äó>³¡��êéýOÆ·�©ÙK�é�$�

vkK�.

ã 6 ��U>³� (10¡)ýOÆ·�ªÇ��ã

ù�(ØÙ¢´ÎÜ~n�. du·�é��U>³����½Â´Äu��>³�

�òzÇ�, 
eü�>³¡�òz5ÆØC�{, ò���>³�
¤eZ�>³¡´
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ã 7 ��U>³� (40 000¡)ýOÆ·�ªÇ��ã

éJ4��Æ·k¤Jp�.

§4. o (

�©�åu�ï��U>³¡òz�.9Äu�.���5©Û�{, 
�ª���

5(Jò�â¢SÁ�êâO��5. ©¥0�
^u��\OËìJþ�òzÇ'X�

/¡\�Á�, 3ØÓ�\OËìJþeÿþ
>³¡�òzÇêâ, ©ÛTêâuyÙ

kÉ��5, ¿|^�5É���.[Ü/¡\�Á�êâ. 3��U>³����5©

ÛL§¥, |^ Fiducialíä��{, ��
�5É���.¤këê�Í¶þL«, ¿?

�Ú����U>³�Æ·�©Ù. ·�ò�.Ú�{3��¢~¥?1
¢y, ¿éO

�©ÛÚ½�Ñ
Ð«. �©¤0���{, ò5�3�õE,�XÚ¥¦^.
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Heteroscedastic Linear Model Based Reliability Evaluation

for Solar Cell Degradation Testing
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Abstract: Solar cell is the basic component of satellite photovoltaic panels with complicated redundant

system structure. Its reliability plays an important role in the system, and its performance shows a

degradation trend over time. In this paper, study is conducted for the solar cell degradation modeling

and reliability analysis based on practical testing results. Specifically, we illustrate an accelerated test

for the attenuation ratio character test under different accumulative irradiation levels, focusing on the

heteroscedasticity of the collected testing data. A heteroscedastic linear model is proposed, and the life

distribution of the photovoltaic panel is obtained by using Fiducial method. A numerical example is shown

for the purpose of illustration.
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