
����� 6JG��RTKOG��KP�4	��.	�CPF�%	�KU�WUGF�VQ�KPFKECVG�FKUVTKDWVGF�RCTCOGVGTU�KP�S�MO��*�MO�CPF�(�MO��

���

���18'4*'#&�64#05/+55+10�.+0'5

����.KPG�2CTCOGVGTU

6JG�RCTCOGVGTU�4	��.	��CPF�%	�QH�QXGTJGCF�VTCPUOKUUKQP�NKPGU�CTG�GXGPN[�FKUVTKDWVGF�CNQPI�VJG�NKPG ��CPF�ECP��

KP�IGPGTCN��PQV�DG�VTGCVGF�CU�NWORGF�GNGOGPVU���5QOG�QH�VJGO�CTG�CNUQ�HWPEVKQPU�QH�HTGSWGPE[��VJGTGHQTG��VJG�VGTO

�NKPG�EQPUVCPVU��KU�CXQKFGF�KP�HCXQT�QH��NKPG�RCTCOGVGTU����(QT�UJQTV�EKTEWKV�CPF�RQYGT�HNQY�UVWFKGU��QPN[�RQUKVKXG

CPF�\GTQ�UGSWGPEG�RCTCOGVGTU�CV�RQYGT�HTGSWGPE[�CTG�PGGFGF��YJKEJ�CTG�TGCFKN[�CXCKNCDNG�HTQO�VCDNGU�KP�JCPFDQQMU�

QT�ECP�GCUKN[�DG�ECNEWNCVGF�HTQO�UKORNG�HQTOWNCU���(QT�VJG�NKPG�OQFGNU�V[RKECNN[�PGGFGF�KP�'/62�UVWFKGU��JQYGXGT�

VJGUG�UKORNG�HQTOWNCU�CTG�PQV�CFGSWCVG�GPQWIJ���7UWCNN[��VJG�NKPG�RCTCOGVGTU�OWUV�VJGTGHQTG�DG�EQORWVGF��YKVJ�GKVJGT

QPG�QH�VJG�VYQ�UWRRQTVKPI�TQWVKPGU�.+0'�%1056#065�QT�%#$.'�%1056#065�

6JGUG�UWRRQTVKPI�TQWVKPGU�RTQFWEG�FGVCKNGF�NKPG�RCTCOGVGTU�HQT�VJG�HQNNQYKPI�V[RGU�QH�CRRNKECVKQPU�


C� 5VGCF[�UVCVG�RTQDNGOU�CV�RQYGT�HTGSWGPE[�YKVJ�EQORNKECVGF�EQWRNKPI�GHHGEVU���#P�GZCORNG�KU�VJG�ECNEWNCVKQP

QH�KPFWEGF�XQNVCIGU�CPF�EWTTGPVU�KP�C�FG�GPGTIK\GF�VJTGG�RJCUG�NKPG�YJKEJ�TWPU�RCTCNNGN�YKVJ�CP�GPGTIK\GF

VJTGG�RJCUG�NKPG���$QVJ�NKPGU�YQWNF�DG�TGRTGUGPVGF�CU�UKZ�EQWRNGF�RJCUGU�KP�VJKU�ECUG�


D� 5VGCF[�UVCVG�RTQDNGOU�CV�JKIJGT�HTGSWGPEKGU���'ZCORNGU�CTG�VJG�CPCN[UKU�QH�JCTOQPKEU��QT�VJG�CPCN[UKU�QH

RQYGT�NKPG�ECTTKGT�EQOOWPKECVKQP��QP�WPVTCPURQUGF�NKPGU�


E� 6TCPUKGPVU�RTQDNGOU���6[RKECN�GZCORNGU�CTG�UYKVEJKPI�CPF�NKIJVPKPI�UWTIG�UVWFKGU�

.KPG�RCTCOGVGTU�EQWNF�DG�OGCUWTGF�CHVGT�VJG�NKPG�JCU�DGGP�DWKNV��VJKU�KU�PQV�GCU[��JQYGXGT��CPF�JCU�DGGP

FQPG�QPN[�QEECUKQPCNN[���#NUQ��NKPGU�OWUV�QHVGP�DG�CPCN[\GF�KP�VJG�FGUKIP�UVCIG��CPF�ECNEWNCVKQPU�CTG�VJG�QPN[�OGCPU

CXCKNCDNG�HQT�QDVCKPKPI�NKPG�RCTCOGVGTU�KP�VJCV�ECUG�

6JG� HQNNQYKPI� GZRNCPCVKQPU� FGUETKDG� RTKOCTKN[� VJG� VJGQT[� WUGF� KP� VJG� UWRRQTVKPI� TQWVKPGU� .+0'

%1056#065�CPF�%#$.'�%1056#065��VJQWIJ�QVJGT�OGVJQFU�CTG�QEECUKQPCNN[�OGPVKQPGF��GURGEKCNN[�KH�KV�CRRGCTU

VJCV�VJG[�OKIJV�DG�WUGF�KP�'/62�UVWFKGU�UQOG�FC[���6JG�UWRRQTVKPI�TQWVKPG�.+0'�%1056#065�KU�JGCXKN[�DCUGF

QP�VJG�YQTM�FQPG�D[�/�*��*GUUG�=��?��VJQWIJ�UQOG�GZVGPUKQPU�VQ�KV�YGTG�CFFGF�

������.KPG�2CTCOGVGTU�(QT�+PFKXKFWCN�%QPFWEVQTU

6JG�UQNWVKQP�OGVJQF�KU�GCUKGT�VQ�WPFGTUVCPF�HQT�C�URGEKHKE�GZCORNG���6JGTGHQTG��C�FQWDNG�EKTEWKV�VJTGG�RJCUG

NKPG�YKVJ�VYKP�DWPFNG�EQPFWEVQTU�CPF�QPG�ITQWPF�YKTG�YKNN�DG�WUGF�HQT�VJG�GZRNCPCVKQPU�
(KI���������6JGTG�CTG���

EQPFWEVQTU�KP�VJKU�EQPHKIWTCVKQP���6JG[�YKNN�DG�ECNNGF
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����� +P�VJG�QWVRWV�QH�VJG�UWRRQTVKPI�TQWVKPG�.+0'�%1056#065��VJG[�CTG�ECNNGF��RJ[UKECN�EQPFWEVQTU���

���

(KI��������.KPG�RCTCOGVGTU


����


���C�

KPFKXKFWCN�EQPFWEVQTU ��VQ�FKUVKPIWKUJ�VJGO�HTQO�VJG���GSWKXCNGPV�RJCUG�EQPFWEVQTU�YJKEJ�CTG�QDVCKPGF�CHVGT�RCKTU�

JCXG�DGGP�DWPFNGF�KPVQ�RJCUG�EQPFWEVQTU�CPF�CHVGT�VJG�ITQWPF�YKTG�JCU�DGGP�GNKOKPCVGF�

��������5GTKGU�+ORGFCPEG�/CVTKZ

+V�KU�EWUVQOCT[�VQ�FGUETKDG�VJG�XQNVCIG�FTQR�CNQPI�C�VTCPUOKUUKQP�NKPG�KP�VJG�HQTO�QH�RCTVKCN�FKHHGTGPVKCN

GSWCVKQPU��G�I���HQT�C�UKPING�RJCUG�NKPG�CU

6JG�RCTCOGVGTU�4	�CPF�.	�QH�QXGTJGCF�NKPGU�CTG�PQV�EQPUVCPV��JQYGXGT��DWV�HWPEVKQPU�QH�HTGSWGPE[���+P�VJCV�ECUG�KV

KU�KORTQRGT�VQ�WUG�'S��
������KPUVGCF��VJG�XQNVCIG�FTQRU�OWUV�DG�GZRTGUUGF�KP�VJG�HQTO�QH�RJCUQT�GSWCVKQPU�HQT�CE

UVGCF[�UVCVG�EQPFKVKQPU�CV�C�URGEKHKE�HTGSWGPE[���(QT�VJG�ECUG�QH�(KI������



&
F8
FZ

' =< )? =+?

< )

KK
' 4 )

K&KPVGTPCN
% L T

z
�

�B
ýP
�
J

K
%R�

T
K

% : )

K&KPVGTPCN

< )

KM
' LT

z
�

�B
ýP


J
K
%J

M
%�R�� % Z �

KM

F
KM

���


���D�


����


����

YKVJ 8 ���XQNVCIG�RJCUQT��OGCUWTGF�HTQO�EQPFWEVQT�K�VQ�ITQWPF�K

+ ���EWTTGPV�RJCUQT�KP�EQPFWEVQT�K�K

QT�KP�IGPGTCN

YKVJ�=8?���XGEVQT�QH�RJCUQT�XQNVCIGU�
OGCUWTGF�HTQO�EQPFWEVQT�VQ�ITQWPF���CPF�

��������=+?���XGEVQT�QH�RJCUQT�EWTTGPVU�KP�VJG�EQPFWEVQTU�

+ORNKGF�KP�'S��
�����KU�VJG�GZKUVGPEG�QH�ITQWPF�CU�C�TGVWTP�RCVJ��VQ�YJKEJ�CNN�XQNVCIGU�CTG�TGHGTGPEGF���6JG�OCVTKZ

=<	?���=4	
T�?�
�LT�=.	
T�?�KU�ECNNGF�VJG�UGTKGU�KORGFCPEG�OCVTKZ��KV�KU�EQORNGZ�CPF�U[OOGVTKE���6JG�FKCIQPCN

GNGOGPV�<	 ���4	 �
�LT.	 �KU�VJG�UGTKGU�UGNH�KORGFCPEG�RGT�WPKV�NGPIVJ�QH�VJG�NQQR�HQTOGF�D[�EQPFWEVQT�K�CPF�ITQWPFKK KK KK

TGVWTP���6JG�QHH�FKCIQPCN�GNGOGPV�<	 ���<	 ���4	 �
�LT.	 �KU�VJG�UGTKGU�OWVWCN�KORGFCPEG�RGT�WPKV�NGPIVJ�DGVYGGPKM MK MK MK

EQPFWEVQTU�K�CPF�M��CPF�FGVGTOKPGU�VJG�NQPIKVWFKPCNN[�KPFWEGF�XQNVCIG�KP�EQPFWEVQT�M�KH�C�EWTTGPV�HNQYU�KP�EQPFWEVQT

K��QT�XKEG�XGTUC���6JG�TGUKUVKXG�VGTOU�KP�VJG�OWVWCN�EQWRNKPI�CTG�KPVTQFWEGF�D[�VJG�RTGUGPEG�QH�ITQWPF��CU�DTKGHN[

GZRNCKPGF�KP�5GEVKQP�����

(QTOWNCU�HQT�ECNEWNCVKPI�<	 �CPF�<	 �YGTG�FGXGNQRGF�D[�%CTUQP�CPF�2QNNCE\GM�KP�VJG�����	U�HQT�VGNGRJQPGKK KM

EKTEWKVU�=������?���6JGUG�HQTOWNCU�ECP�CNUQ�DG�WUGF�HQT�RQYGT�NKPGU���$QVJ�UGGO�VQ�IKXG�KFGPVKECN�TGUWNVU�HQT�QXGTJGCF

NKPGU��DWV�2QNNCE\GM	U�HQTOWNC�KU�OQTG�IGPGTCN�KPCUOWEJ�CU�KV�ECP�CNUQ�DG�WUGF�HQT�DWTKGF�
WPFGTITQWPF��EQPFWEVQTU

QT�RKRGU���%CTUQP	U�HQTOWNC�KU�GCUKGT�VQ�RTQITCO�VJCP�2QNNCE\GM	U�CPF�KU�VJGTGHQTG�WUGF�KP�DQVJ�UWRRQTVKPI�TQWVKPGU

.+0'�%1056#065�CPF�%#$.'�%1056#065��GZEGRV�VJCV�VJG�NCVVGT�KPENWFGU�CP�GZVGPUKQP�QH�%CTUQP	U�HQTOWNC

HQT�VJG�ECUG�QH�OWNVKNC[GT�UVTCVKHKGF�GCTVJ�=��?�CU�YGNN���%CTUQP	U��2QNNCE\GM	U�CPF�QVJGT�GCTVJ�TGVWTP�HQTOWNCU�CTG

EQORCTGF�KP�=��?�

6YQ�TGEGPV�PGY�CRRTQCEJGU�VQ�VJG�ECNEWNCVKQP�QH�GCTVJ�TGVWTP�KORGFCPEGU�CTG�VJQUG�QH�*CTVGPUVGKP��-QINKP

CPF�4GGU�=��?��CPF�QH�)CT[��&GTK��6GXCP��5GON[GP�CPF�%CUVCPJGKTC�=������?���*CTVGPUVGKP��-QINKP�CPF�4GGU�VTGCV

VJG�ITQWPF�CU�C�U[UVGO�QH�EQPFWEVKPI�NC[GTU�����������P��YKVJ�WPKHQTO�EWTTGPV�FKUVTKDWVKQP�KP�GCEJ�NC[GT�
(KI�����
C���

6JGKT�TGUWNVU�EQOG�ENQUG�VQ�VJQUG�QDVCKPGF�YKVJ�%CTUQP	U�HQTOWNC���1PG�CFXCPVCIG�QH�VJGKT�OGVJQF�KU�VJG�HCEV�VJCV

KV�KU�XGT[�GCU[�VQ�CUUWOG�FKHHGTGPEG�GCTVJ�TGUKUVKXKVKGU�HQT�GCEJ�QH�VJG�NC[GTU���)CT[��&GTK��GV�CN��ECNEWNCVG�UGNH�CPF

OWVWCN�KORGFCPEGU�YKVJ�VJG�UKORNG�HQTOWNCU�QTKIKPCNN[�RTQRQUGF�D[�&WDCPVQP�

CPF

KP�YJKEJ�R�TGRTGUGPVU�C�EQORNGZ�FGRVJ�
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(KI�����
C����#NVGTPCVKXG�VQ�%CTUQP	U
HQTOWNC��)TQWPF�TGRTGUGPVGF�CU�NC[GTU���
�����P

#NN�QVJGT�RCTCOGVGTU�CTG�GZRNCKPGF�CHVGT�'S��
������GZEGRV�HQT�����Z ���JQTK\QPVCN�FKUVCPEG�DGVYGGP�EQPFWEVQTU�K�CPFKM

M�
(KI��������CPF�D���GCTVJ�TGUKUVKXKV[���6JG�TGUWNVU�CITGG�XGT[�ENQUGN[�YKVJ�VJQUG�QDVCKPGF�HTQO�%CTUQP	U�HQTOWNC�

YKVJ�VJG�FKHHGTGPEGU�RGCMKPI�CV����KP�VJG�HTGSWGPE[�TCPIG�DGVYGGP�����*\�CPF����M*\�CPF�DGKPI�NQYGT�GNUGYJGTG�

6JKU�KU�C�XGT[�IQQF�CITGGOGPV��KPFGGF��CPF�'S��
�����CPF�
�����OC[�VJGTGHQTG�UWRRNCPV�%CTUQP	U�HQTOWNC�UQOG�FC[�

(KI�����
D��UJQYU�C�EQORCTKUQP�QH�RQUKVKXG�CPF�\GTQ�UGSWGPEG�RCTCOGVGTU�HQT�C�V[RKECN�����M8�NKPG�

%CTUQP	U�HQTOWNC

%CTUQP	U�HQTOWNC�HQT�JQOQIGPGQWU�GCTVJ�KU�PQTOCNN[�CEEWTCVG�GPQWIJ�HQT�RQYGT�U[UVGO�UVWFKGU��GURGEKCNN[

UKPEG�VJG�FCVC�HQT�C�OQTG�FGVCKNGF�OWNVKNC[GT�GCTVJ�TGVWTP�KU�UGNFQO�CXCKNCDNG���6JG�UWRRQTVKPI�TQWVKPG�%#$.'

%1056#065�FQGU�JCXG�CP�QRVKQP�HQT�OWNVKNC[GT�QT�UVTCVKHKGF�GCTVJ��JQYGXGT���%CTUQP	U�HQTOWNC�KU�DCUGF�QP�VJG

HQNNQYKPI�CUUWORVKQPU�


C� 6JG�EQPFWEVQTU�CTG�RGTHGEVN[�JQTK\QPVCN�CDQXG�ITQWPF��CPF�CTG�NQPI�GPQWIJ�UQ�VJCV�VJTGG�FKOGPUKQPCN�GPF

GHHGEVU�ECP�DG�PGINGEVGF�
VJKU�OCMGU�VJG�HKGNF�RTQDNGO�VYQ�FKOGPUKQPCN����6JG�UCI�KU�VCMGP�KPVQ�CEEQWPV

KPFKTGEVN[�D[�WUKPI�CP�CXGTCIG�JGKIJV�CDQXG�ITQWPF�
(KI�������



���

(KI�����
D����#NVGTPCVKXG�VQ�%CTUQP	U�HQTOWNC��HQTOWNC�D[�)CT[��&GTK�GV�CN���
EQORCTKUQP�YKVJ�%CTUQP	U
HQTOWNC�HQT�C�V[RKECN�����M8�NKPG�YKVJ�DWPFNG�EQPFWEVQTU��UMKP�GHHGEV�KP�EQPFWEVQTU�KIPQTGF�


D� 6JG�CGTKCN�URCEG�KU�JQOQIGPGQWU�YKVJQWV�NQUU��YKVJ�RGTOGCDKNKV[�z �CPF�RGTOKVVKXKV[�g �� �


E� 6JG�GCTVJ�KU�JQOQIGPGQWU�YKVJ�WPKHQTO�TGUKUVKXKV[�D��RGTOGCDKNKV[�z �CPF�RGTOKVVKXKV[�g ��CPF�KU�DQWPFGF� �

D[�C�HNCV�RNCPG�YKVJ�KPHKPKVG�GZVGPV��VQ�YJKEJ�VJG�EQPFWEVQTU�CTG�RCTCNNGN���6JG�GCTVJ�DGJCXGU�CU�C�EQPFWEVQT�

K�G�����D�  �Tg ��CPF�JGPEG�VJG�FKURNCEGOGPV�EWTTGPVU�OC[�DG�PGINGEVGF���#DQXG�VJG�ETKVKECN�HTGSWGPE[�

H �����
�Bg D���QVJGT�HQTOWNCU�=������?�OWUV�DG�WUGF�
HQT�D����������SO�KP�TQEM[�ITQWPF��H ��ETKVKECN � ETKVKECN

����/*\��YJKEJ�KU�UVKNN�QP�VJG�JKIJ�UKFG�HQT�OQUV�'/62�NKPG�OQFGNU��


F� 6JG�URCEKPI�DGVYGGP�EQPFWEVQTU�KU�CV�NGCUV�QPG�QTFGT�QH� OCIPKVWFG� NCTIGT� VJCP� VJG� TCFKWU� QH� VJG

EQPFWEVQTU��UQ�VJCV�RTQZKOKV[�GHHGEVU�
EWTTGPV�FKUVTKDWVKQP�YKVJKP�QPG�EQPFWEVQT�KPHNWGPEGF�D[�EWTTGPV�KP�CP

CFLCEGPV�EQPFWEVQT��ECP�DG�KIPQTGF�

6JG�EQPFWEVQT�RTQHKNG�DGVYGGP�VQYGTU�
(KI�������ECP�DG�FGUETKDGF


C� CU�C�RCTCDQNC�HQT�URCPU�#�����O�


D� CU�C�ECVGPCT[�HQT�����#�URCPU�#������O��CPF


E� CU�CP�GNCUVKE�NKPG�HQT�URCPU� ������O�
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(KI��������%QPFWEVQT�RTQHKNG�DGVYGGP�VQYGTU
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(KI��������6QYGT�IGQOGVT[

+H�VJG�RCTCDQNC�KU�CEEWTCVG�GPQWIJ��VJGP�VJG�CXGTCIG�JGKIJV�CDQXG�ITQWPF�KU�


����

YJKEJ� KU� VJG�HQTOWNC�WUGF�D[�DQVJ�UWRRQTVKPI�TQWVKPGU�.+0'�%1056#065�CPF�%#$.'�%1056#065���6JG

GNGOGPVU�QH�VJG�UGTKGU�KORGFCPEG�OCVTKZ�ECP�VJGP�DG�ECNEWNCVGF�HTQO�VJG�IGQOGVT[�QH�VJG�VQYGT�EQPHKIWTCVKQP�
(KI�

�����CPF�HTQO�EJCTCEVGTKUVKEU�QH�VJG�EQPFWEVQTU���(QT�VJG�UGNH�KORGFCPEG�
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�CPF�HQT�VJG�OWVWCN�KORGFCPEG

YKVJ�z ���RGTOGCDKNKV[�QH�HTGG�URCEG���7UKPI�

RTQFWEGU�KORGFCPEGU�KP�S�MO���6JG�RCTCOGVGTU�KP�'S��
�����CPF�
�����CTG

4	 ��CE�TGUKUVCPEG�QH�EQPFWEVQT�K�KP�S�WPKV�NGPIVJ�K�KPVGTPCN

J ��CXGTCIG�JGKIJV�CDQXG�ITQWPF�QH�EQPFWEVQT�K�K

& ��FKUVCPEG�DGVYGGP�EQPFWEVQT�K�CPF�KOCIG�QH�EQPFWEVQT�M�KM

F ��FKUVCPEG�DGVYGGP�EQPFWEVQTU�K�CPF�M�KM

T ��TCFKWU�QH�EQPFWEVQT�K�K

: ��KPVGTPCN�TGCEVCPEG�QH�EQPFWEVQT�K�K�KPVGTPCN

T ���BH�YKVJ�H���HTGSWGPE[�KP�*\�

)4	��):	 ��%CTUQP	U�EQTTGEVKQP�VGTOU�HQT�GCTVJ�TGVWTP�GHHGEVU�

%CTUQP	U�EQTTGEVKQP�VGTOU�)4	�CPF�):	�KP�'S��
�����CPF�
�����CEEQWPV�HQT�VJG�GCTVJ�TGVWTP�GHHGEV��CPF�CTG

HWPEVKQPU�QH�VJG�CPING�N�
N�����HQT�UGNH�KORGFCPEG��N���N �KP�(KI������HQT�OWVWCN�KORGFCPEG���CPF�QH�VJG�RCTCOGVGTKM

C�

YKVJ�&����J �KP�O�HQT�UGNH�KORGFCPEG�K

& �KP�O�HQT�OWVWCN�KORGFCPEG�KM

D���GCTVJ�TGUKUVKXKV[�KP�SO�

)4	�CPF�):	�DGEQOG�\GTQ�HQT�C�6�4�
ECUG�QH�XGT[�NQY�GCTVJ�TGUKUVKXKV[����%CTUQP�IKXGU�CP�KPHKPKVG�KPVGITCN�HQT�)4	

CPF�):	��YJKEJ�JG�FGXGNQRGF�KPVQ�VJG�UWO�QH�HQWT�KPHKPKVG�UGTKGU�HQT�C�#�����4GCTTCPIGF�HQT�GCUKGT�RTQITCOOKPI�

KV�ECP�DG�YTKVVGP�CU�QPG�UGTKGU��CPF�HQT�KORGFCPEGU�KP�S�MO��DGEQOGU

)4	� �T!�� ]B�� ):	� �T!]���
�����������PC���

�D C!EQUN 
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'CEJ� �� UWEEGUUKXG� VGTOU� HQT� C� TGRGVKVKXG� RCVVGTP�� � 6JG� EQGHHKEKGPVU� D �� E � CPF� F � CTG� EQPUVCPVU�� YJKEJ� ECP� DGK K K

RTGECNEWNCVGF�CPF�UVQTGF�KP�NKUVU���6JG[�CTG�QDVCKPGF�HTQO�VJG�TGEWTUKXG�HQTOWNCU�
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YKVJ�UKIP���v��EJCPIKPI�CHVGT�GCEJ���UWEEGUUKXG�VGTOU�
UKIP���v��HQT�K���������������UKIP������HQT�K�����������

��GVE���

6JG�VTKIQPQOGVTKE�HWPEVKQPU�CTG�ECNEWNCVGF�FKTGEVN[�HTQO�VJG�IGQOGVT[�

CPF�HQT�JKIJGT�QTFGT�VGTOU�KP�VJG�UGTKGU�HTQO�VJG�TGEWTUKXG�HQTOWNCU

(QT� RQYGT� EKTEWKVU� CV� RQYGT� HTGSWGPE[�QPN[� HGY� VGTOU� CTG� PGGFGF� KP� VJG� KPHKPKVG� UGTKGU� QH�'S�� �����

*QYGXGT��CV�HTGSWGPEKGU�CPF�HQT�YKFGT�URCEKPIU�
G�I���KP�KPVGTHGTGPEG�ECNEWNCVKQPU��OQTG�CPF�OQTG�VGTOU�OWUV�DG

VCMGP�KPVQ�CEEQWPV�CU�VJG�RCTCOGVGT�C�DGEQOGU�NCTIGT�CPF�NCTIGT�=����FKUEWUUKQP�D[�&QOOGN?���1PEG�%CTUQP	U�UGTKGU

UVCTVU�VQ�EQPXGTIG��KV�FQGU�UQ�HCKTN[�TCRKFN[���*QY�OKUNGCFKPI�VJG�TGUWNVU�ECP�DG�YKVJ�VQQ�HGY�VGTOU�KP�VJG�UGTKGU�QH

'S�������KU�KNNWUVTCVGF�HQT�VJG�ECUG�QH�C�����CPF�N������+H�VJG�UGTKGU�YGTG�VTWPECVGF�CHVGT�VJG��UV���PF��������VJ�VGTO�

VJG�RGTEGPV�GTTQT�KP�4G]<	 _�YQWNF�DGKK
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(QT�C� ���VJG�HQNNQYKPI�HKPKVG�UGTKGU�=��?�KU�DGUV�WUGF�
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����� 6JG�PCOG�EQOGU�HQTO�VJG�RQUKVKXG�UGSWGPEG�TGCEVCPEG�HQTOWNC�:	 ���T�z ��B�ýP�)/&�)/4�FKUEWUUGF�KP�
RQU �

'S��
�������HQT�VJG�ECUG�YJGTG�VJG�URCEKPI�COQPI�VJG�VJTGG�RJCUGU�
GZRTGUUGF�CU�IGQOGVTKE�OGCP�FKUVCPEG�)/&�
KU���HQQV��YKVJ�)/4�IKXGP�KP�HGGV�CU�YGNN�
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+PVGTPCN�KORGFCPEG�CPF�UMKP�GHHGEV

+P�VJG�QNF�FC[U�QH�UNKFG�TWNG�ECNEWNCVKQPU��VJG�KPVGTPCN�TGCEVCPEG�:	 �CPF�GZVGTPCN�TGCEVCPEG�T�z ��B�ýPTGCEVCPEG �

�J�T�HQT�NQUUNGUU�GCTVJ�YGTG�QHVGP�EQODKPGF�KPVQ�QPG�GZRTGUUKQP��D[�TGRNCEKPI�TCFKWU�T�YKVJ�VJG�UOCNNGT��IGQOGVTKE

OGCP�TCFKWU��)/4�VQ�CEEQWPV�HQT�VJG�KPVGTPCN�OCIPGVKE�HKGNF�

)/4�YCU�QHVGP�KPENWFGF�KP�EQPFWEVQT�VCDNGU���+PUVGCF�QH�QT�KP�CFFKVKQP�VQ�)/4��0QTVJ�#OGTKECP�JCPFDQQMU�JCXG

CNUQ�HTGSWGPVN[�IKXGP�VJG��TGCEVCPEG�CV���HQQV�URCEKPI� �:	 ��YJKEJ�KU�TGNCVGF�VQ�)/4��
#

YKVJ�)/4�KP�HGGV�
QT�KP�O�KH�:	 �KU�VQ�DG�VJG�TGCEVCPEG�CV���O�URCEKPI��#

6JG�EQPEGRV�QH�IGQOGVTKE�OGCP�TCFKWU�YCU�QTKIKPCNN[�FGXGNQRGF�HQT�PQPOCIPGVKE�EQPFWEVQTU�CV�RQYGT

HTGSWGPE[�YJGTG�WPGXGP�EWTTGPV�FKUVTKDWVKQP�
UMKP�GHHGEV��ECP�DG�KIPQTGF���+P�VJCV�ECUG��KVU�OGCPKPI�KU�KPFGGF�RWTGN[

IGQOGVTKE��YKVJ�)/4�DGKPI�GSWCN�VQ�VJG�IGQOGVTKE�OGCP�FKUVCPEG�COQPI�CNN�GNGOGPVU�QP�VJG�EQPFWEVQT�ETQUU�UGEVKQP

CTGC�KH�VJKU�CTGC�YGTG�FKXKFGF�KPVQ�CP�KPHKPKVG�PWODGT�QH�GSWCN��KPHKPKVGUKOCNN[�UOCNN�GNGOGPVU���(QT�C�UQNKF��TQWPF�

PQPOCIPGVKE�EQPFWEVQT�CV�NQY�HTGSWGPE[�

6JKU�HQTOWNC�EJCPIGU�VQ

KH�VJG�EQPFWEVQT�KU�OCFG�QH�OCIPGVKE�OCVGTKCN�YKVJ�TGNCVKXG�RGTOGCDKNKV[�z ��KVU�IGQOGVTKE�OGCPKPI�KU�VJGP�NQUV���+HT

UMKP�GHHGEV�KU�VCMGP�KPVQ�CEEQWPV��KVU�IGQOGVTKE�OGCPKPI�KU�NQUV�CU�YGNN���6JG�PCOG�IGQOGVTKE�OGCP�TCFKWU�KU�VJGTGHQTG
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����� 6JGTG�CTG�ECUGU��JQYGXGT��YJGTG�VJKU�CRRTQZKOCVKQP�KU�PQV�IQQF�GPQWIJ���/QTG�CEEWTCVG�HQTOWNCU�CTG�

PGGFGF��HQT�KPUVCPEG��HQT�ECNEWNCVKPI�VJG�CVVGPWCVKQP�KP�RQYGT�NKPG�ECTTKGT�RTQDNGOU�=��?��CU�GZRNCKPGF�KP
#RRGPFKZ�8++�
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OKUNGCFKPI��CPF�KV�KU�SWGUVKQPCDNG�YJGVJGT�KV�UJQWNF�DG�TGVCKPGF�

'S��
������IKXGU�VJG�EQPXGTUKQP�HQTOWNC�DGVYGGP�)/4�CPF�KPVGTPCN�TGCEVCPEG�

6JG�KPVGTPCN�TGCEVCPEG�ECP�DG�ECNEWNCVGF�HQT�EGTVCKP�V[RGU�QH�EQPFWEVU�=������?�CU�RCTV�QH�VJG�KPVGTPCN�KORGFCPEG

4	 �
�L:	 ���5KPEG�:	 �KU�QPN[�C�XGT[�UOCNN�RCTV�QH�VJG�VQVCN�TGCEVCPEG�HQT�PQPOCIPGVKE�EQPFWEVQTU��KVUKPVGTPCN KPVGTPCN KPVGTPCN

CEEWTCVG�FGVGTOKPCVKQP�KU�UQOGYJCV�CECFGOKE���/QTG�KORQTVCPV�KU�VJG�ECNEWNCVKQP�QH�4	 ��DGECWUG�VJG�KPETGCUGKPVGTPCN

QH�TGUKUVCPEG�YKVJ�HTGSWGPE[�FWG�VQ�UMKP�GHHGEV�ECP�DG�EQPUKFGTCDNG�

6JG�KPVGTPCN�KORGFCPEG�QH�UQNKF��TQWPF�YKTGU�ECP�DG�ECNEWNCVGF�YKVJ�YGNN�MPQYP�UMKP�GHHGEV�HQTOWNCU��YKVJ

4	 �DGKPI�QH�OQTG�RTCEVKECN�KPVGTGUV�VJCP�:	 ���5VTCPFGF�EQPFWEVQTU�ECP�WUWCNN[�DG�CRRTQZKOCVGF�CU�UQNKFKPVGTPCN KPVGTPCN

EQPFWEVQTU�QH�VJG�UCOG�ETQUU�UGEVKQPCN�CTGC �=��?���+V�JCU�DGGP�ENCKOGF�VJCV�UVGGN�TGKPHQTEGF�CNWOKPWO�ECDNGU�
#%54��

ECP�WUWCNN[�DG�CRRTQZKOCVGF�CU�VWDWNCT�EQPFWEVQTU�YJGP�VJG�KPHNWGPEG�QH�VJG�UVGGN�EQTG�KU�PGINKIKDNG��YJKEJ�KU�OQTG

NKMGN[�VQ�DG�VJG�ECUG�YKVJ�CP�GXGP�PWODGT�QH�NC[GTU�QH�CNWOKPWO�UVTCPFU��UKPEG�VJG�OCIPGVK\CVKQP�QH�VJG�UVGGN�EQTG

ECWUGF�D[�QPG�NC[GT�URKTCNNGF�KP�QPG�FKTGEVKQP�KU�OQTG�QT�NGUU�ECPEGNNGF�D[�VJG�PGZV�NC[GT�URKTCNNGF�KP�VJG�QRRQUKVG

FKTGEVKQP���6JG�UWRRQTVKPI�TQWVKPG�.+0'�%1056#065�WUGU�VJKU�CRRTQZKOCVKQP�QH�CP�#%54�CU�C�VWDWNCT�EQPFWEVQT�

+H�VJG�OCIPGVKE�OCVGTKCN�QH�VJG�UVGGN�EQTG�KU�QH�KPHNWGPEG��VJGP�ECNEWNCVKQPU�RTQDCDN[�DGEQOG�WPTGNKCDNG��CPF�EWTTGPV�

FGRGPFGPV��OGCUWTGF�XCNWGU�UJQWNF�DG�WUGF�KPUVGCF���5KPEG�VJG�UQNKF�EQPFWEVQT� KU�C�URGEKCN�ECUG�QH� VJG�VWDWNCT

EQPFWEVQT��VJG�UWRRQTVKPI�TQWVKPG�.+0'�%1056#065�WUGU�QPN[�VJG�HQTOWNC�HQT�VJG�NCVVGT��YJKEJ�KU�FGUETKDGF�CU

'S��
���D��KP�5GEVKQP�����

6CDNG�����UJQYU�VJG�KPETGCUG�KP�TGUKUVCPEG�CPF�VJG�FGETGCUG�KP�KPVGTPCN�KPFWEVCPEG�FWG�VQ�UMKP�GHHGEV�HQT�C

VWDWNCT�EQPFWEVQT�YKVJ�4	 ����������S�OKNG��TCVKQ�KPUKFG�TCFKWU�QWVUKFG�TCFKWU�S�T����������
(KI��������CPF�z ��FE T

������6JG�KPVGTPCN�KPFWEVCPEG�QH�C�VWDG�CV�FE�KU�=����R����?

QT���������� ��� �*�MO�KP�VJKU�ECUG���#V�JKIJ�HTGSWGPEKGU���������4	 ���:	 ��YKVJ�DQVJ�EQORQPGPVU�DGKPI��
KPVGTPCN KPVGTPCN

RTQRQTVKQPCN�VQ�%T���6JKU�KU�VJG�TGIKQP�QH�RTQPQWPEGF�UMKP�GHHGEV���(TQO�6CDNG�����KV�ECP�DG�UGGP�VJCV�4	 �CPFKPVGTPCN

:	 �CTG�CNOQUV�GSWCN�CV����M*\�
FKHHGTGPEG��������YKVJ�VJG�FKHHGTGPEG�FGETGCUKPI�VQ������CV�����M*\��QT�����KPVGTPCN

CV���/*\���
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6CDNG�������5MKP�GHHGEV�KP�C�VWDWNCT�EQPFWEVQT
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(KI��������%WTTGPV�FKUVTKDWVKQP�YKVJKP�CP���EQPFWEVQT�DWPFNG�=��?���l
�����+'''
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'ZCORNG�HQT�WUKPI�UGTKGU�KORGFCPEG�OCVTKZ�QH�KPFKXKFWCN�EQPFWEVQTU

6JG�OCVTKZ�QH�'S��
�����ECP�DG�WUGF�VQ�UVWF[�VJG�WPGXGP�EWTTGPV�FKUVTKDWVKQP�YKVJKP�C�DWPFNG�EQPFWEVQT�

(KI������UJQYU�OGCUWTGF�CPF�ECNEWNCVGF�XCNWGU�HQT�VJG�WPGSWCN�EWTTGPV�FKUVTKDWVKQP�KP�VJG���UWDEQPFWEVQTU�QH�CP

CU[OOGVTKECN�DWPFNG�HQT�XCTKQWU�FGITGGU�QH�CU[OOGVT[�=��?���#U[OOGVTKECN�DWPFNKPI�YCU�RTQRQUGF�VQ�TGFWEG�CWFKDNG

PQKUG��DWV�VJKU�CFXCPVCIG�KU�QHHUGV�D[�VJG�WPGSWCN�EWTTGPV�FKUVTKDWVKQP���6JG�EWTTGPVU�KP�VJKU�ECUG�YGTG�HQWPF�HTQO�'S�


�����YKVJ�CP���Z���OCVTKZ��CUUWOKPI�GSWCN�XQNVCIG�FTQRU�KP�VJG���EQPFWEVQTU�

��������5JWPV�%CRCEKVCPEG�/CVTKZ

6JG�XQNVCIGU�HTQO�VJG����EQPFWEVQTU�KP�(KI������VQ�ITQWPF�CTG�C�HWPEVKQP�QH�VJG�NKPG�EJCTIGU�
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YKVJ�S ���EJCTIG�RGT�WPKV�NGPIVJ�QP�EQPFWEVQT�K��QT�KP�VJG�IGPGTCN�ECUGK

/CZYGNN	U�RQVGPVKCN�EQGHHKEKGPV�OCVTKZ� =2	?� KU� TGCN�CPF�U[OOGVTKE�� � +VU�GNGOGPVU�CTG�GCU[� VQ�EQORWVG� HTQO�VJG

IGQOGVT[�QH�VJG�VQYGT�EQPHKIWTCVKQP�CPF�HTQO�VJG�EQPFWEVQT�TCFKK�KH�VJG�HQNNQYKPI�VYQ�CUUWORVKQPU�CTG�OCFG��
C��VJG

CKT�KU�NQUUNGUU�CPF�VJG�GCTVJ�KU�WPKHQTON[�CV�\GTQ�RQVGPVKCN��
D��VJG�TCFKK�CTG�CV�NGCUV�CP�QTFGT�QH�OCIPKVWFG�UOCNNGT�VJCP

VJG�FKUVCPEGU�COQPI�VJG�EQPFWEVQTU���$QVJ�CUUWORVKQPU�CTG�TGCUQPCDNG�HQT�QXGTJGCF�NKPGU���6JGP�VJG�FKCIQPCN�GNGOGPV

DGEQOGU

CPF�VJG�QHH�FKCIQPCN�GNGOGPV

YKVJ�g ���RGTOKVVKXKV[�QH�HTGG�URCEG���6JG�HCEVQT���
�Bg ��KP�VJGUG�GSWCVKQPU�KU�E � �z ��B��YJGTG�E�KU�VJG�URGGF�QH� � �
�

NKIJV���9KVJ�E�������������MO�U�CPF�z �
�B������ ��� �*�MO��KV�HQNNQYU�VJCV�
��

6JG�KPXGTUG�TGNCVKQPUJKR�QH�'S��
������[KGNFU�VJG�UJWPV�ECRCEKVCPEG�OCVTKZ�=%	?�

6JG�UWRRQTVKPI�TQWVKPG�.+0'�%1056#065�WUGU�C�XGTUKQP�QH�VJG�)CWUU�,QTFCP�RTQEGUU�HQT�VJKU�OCVTKZ�KPXGTUKQP

YJKEJ�VCMGU�CFXCPVCIG�QH�U[OOGVT[�=��?���6JKU�RTQEGUU�YCU�EJQUGP�DGECWUG�KV�ECP�GCUKN[�DG�OQFKHKGF�VQ�JCPFNG�OCVTKZ

TGFWEVKQPU�CU�YGNN��YJKEJ�CTG�PGGFGF�HQT�GNKOKPCVKPI�ITQWPF�YKTGU�CPF�HQT�DWPFNKPI�EQPFWEVQTU���#RRGPFKZ�+++

GZRNCKPU�VJKU�)CWUU�,QTFCP�RTQEGUU�KP�OQTG�FGVCKN�

6JG�ECRCEKVCPEG�OCVTKZ�=%	?�KU�KP�PQFCN�HQTO���6JKU�OGCPU�VJCV�VJG�FKCIQPCN�GNGOGPV�%	 �KU�VJG�UWO�QH�VJGKK

UJWPV�ECRCEKVCPEGU�RGT�WPKV�NGPIVJ�DGVYGGP�EQPFWEVQT�K�CPF�CNN�QVJGT�EQPFWEVQTU�CU�YGNN�CU�ITQWPF��CPF�VJG�QHH�

FKCIQPCN�GNGOGPV�%	 ���%	 �KU�VJG�PGICVKXG�UJWPV�ECRCEKVCPEG�RGT�WPKV�NGPIVJ�DGVYGGP�EQPFWEVQTU�K�CPF�M���#PKM MK

GZCORNG�HQT�C�VJTGG�RJCUG�EKTEWKV�HTQO�=����R�����?�KU�UJQYP�KP�(KI�������YKVJ
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(KI��������/WVWCN�CPF�UJWPV�ECRCEKVCPEGU
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QT�%	 ����������%	 ����������%	 ����������% ���������P(�OKNG��GVE����OWVWCN ���OWVWCN ���OWVWCN ��ITQWPF

(QT�CE�UVGCF[�UVCVG�EQPFKVKQPU��VJG�XGEVQT�QH�EJCTIGU�
CU�RJCUQT�XCNWGU��KU�TGNCVGF�VQ�VJG�XGEVQT�QH�NGCMCIG

EWTTGPVU�=�F+�FZ?�D[

6JGTGHQTG��VJG�UGEQPF�U[UVGO�QH�FKHHGTGPVKCN�GSWCVKQPU�KU

YJKEJ��VQIGVJGT�YKVJ�'S��
������EQORNGVGN[�FGUETKDGU�VJG�CE�UVGCF[�UVCVG�DGJCXKQT�QH�VJG�OWNVK�EQPFWEVQT�NKPG���5JWPV

EQPFWEVCPEGU�)	�JCXG�DGGP�KIPQTGF�KP�'S��
�������DGECWUG�VJGKT�KPHNWGPEG�KU�PGINKIKDNG�QP�QXGTJGCF�NKPGU��GZEGRV�CV

XGT[�NQY�HTGSWGPEKGU�CRRTQCEJKPI�FE��YJGTG�VJG�NKPG�DGJCXKQT�KU�FGVGTOKPGF�D[�4	�CPF�)	��YKVJ�T.	�CPF�T%	

DGEQOKPI�PGINKIKDN[�UOCNN���9KVJ�)	��VJG�EQORNGVG�GSWCVKQP�KU
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EQTTGEVKQP�VGTOU�OWUV�VJGP�DG�CFFGF�VQ�'S��
������CPF�
��������*QYGXGT��VJG�GCTVJ�EQPFWEVKQP�GHHGEV�KU�PQTOCNN[



&

=F8
W
�FZ?

=F8
I
�FZ?

'

=< )

WW
? =< )

WI
?

=< )

IW
? =< )

I I
?

=+
W
?

=+
I
?

&
F8

W

FZ
' =< )

TGFWEGF
? =+

W
?

=< )

TGFWEGF
? ' =< )

WW
? & =< )

WI
? =< )

I I
?&� =< )

IW
?

����� 0QP�EQPVKPWQWU��UGIOGPVGF��ITQWPF�YKTGU�CTG�FKUEWUUGF�KP�5GEVKQP����������

����


�����


����C�


����D�

PGINKIKDNG�DGNQY�����M*\�VQ���/*\�=��?���+P�VJCV�ECUG��VJG�ECRCEKVCPEGU�CTG�EQPUVCPV��KP�EQPVTCUV�VQ�UGTKGU�TGUKUVCPEGU

CPF�UGTKGU�KPFWEVCPEGU�YJKEJ�CTG�HWPEVKQPU�QH�HTGSWGPE[�

������.KPG�2CTCOGVGTU�HQT�'SWKXCNGPV�2JCUG�%QPFWEVQTU
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CPF
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��������$WPFNKPI�QH�%QPFWEVQTU
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V[RKECNN[�����O�CRCTV����6JG�DWPFNG�KU

WUWCNN[�U[OOGVTKECN�
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QTKIKPCNN[�ECNEWNCVGF�YKVJ�GCEJ�UWDEQPFWEVQT�DGKPI�TGRTGUGPVGF�CU�CP�KPFKXKFWCN�EQPFWEVQT���5KPEG�VJG�XQNVCIGU�CTG

GSWCN�HQT�VJG�UWDEQPFWEVQTU�YKVJKP�C�DWPFNG��VJKU�XQNVCIG�GSWCNKV[�KU�VJGP�WUGF�VQ�TGFWEG�VJG�QTFGT�QH�VJG�OCVTKEGU

VQ�VJG�PWODGT�QH��GSWKXCNGPV�RJCUG�EQPFWEVQTU����9KVJ�VJG�UGEQPF�OGVJQF��VJG�EQPEGRV�QH�IGQOGVTKE�OGCP�FKUVCPEGU

KU�WUGF�VQ�TGRNCEG�VJG�DWPFNG�QH�UWDEQPFWEVQTU�D[�C�UKPING�GSWKXCNGPV�EQPFWEVQT���$QVJ�OGVJQFU�ECP�DG�WUGF�YKVJ�VJG

UWRRQTVKPI�TQWVKPG�.+0'�%1056#065���6JG�UWRRQTVKPI�TQWVKPG�%#$.'�%1056#065�KU�NKOKVGF�VQ�VJG�UGEQPF

OGVJQF�

/GVJQF�����$WPFNKPI�QH�UWDEQPFWEVQTU�D[�OCVTKZ�TGFWEVKQP

#U�KP�VJG�GNKOKPCVKQP�QH�ITQWPF�YKTGU��VJG�OCVTKZ�TGFWEVKQP�RTQEGUU�KU�VJG�UCOG�HQT�=<	?�CPF�=2	?��CPF�YKNN

VJGTGHQTG�QPN[�DG�GZRNCKPGF�HQT�=<	?���.GV�WU�CUUWOG�VJCV�VJG�KPFKXKFWCN�EQPFWEVQTU�K��M��N��O�CTG�VQ�DG�DWPFNGF�VQ

OCMG�WR�RJCUG�4���6JGP�VJG�EQPFKVKQPU

CPF

OWUV�DG�KPVTQFWEGF�KPVQ�'S��
�������6JG�HKTUV�UVGR�KU�VQ�IGV�+ �KPVQ�VJG�GSWCVKQPU���6JKU�KU�FQPG�D[�YTKVKPI�+ �KP�RNCEG4 4

QH�+ ���$[�FQKPI�VJKU��CP�GTTQT�KU�QH�EQWTUG�OCFG��YJKEJ�COQWPVU�VQ�VJG�CFFKVKQP�QH�VGTOUK

KP�CNN�TQYU�z��VJG[�OWUV�QDXKQWUN[�DG�UWDVTCEVGF�CICKP�VQ�MGGR�VJG�GSWCVKQPU�EQTTGEV���+P�GHHGEV��VJKU�OGCPU�UWDVTCEVKQP

QH�EQNWOP�K�HTQO�EQNWOPU�M��ý��O���6JGUG�EJCPIGU�CTG�UJCFGF�KP�(KI������
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(KI��������(KTUV�UVGR�KP�DWPFNKPI�RTQEGFWTG

(KI��������5GEQPF�UVGR�KP�DWPFNKPI�RTQEGFWTG
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+ �CTG�UVKNN�KP�VJG�GSWCVKQPU�CHVGT�GZGEWVKQP�QH�VJG�HKTUV�UVGR�QH�(KI��������6Q�DG�CDNG�VQ�GNKOKPCVG�VJGO��VJGTG�UJQWNFO

DG�\GTQU�KP�VJG�NGHV�JCPF�UKFG�QH�VJG�TGURGEVKXG�TQYU���6JKU�KU�GCUKN[�CEEQORNKUJGF�D[�UWDVTCEVKPI�TQY�K�HTQO�TQYU

M��ý��O��YJKEJ�RTQFWEGU�\GTQU�DGECWUG�F8 �FZ���F8 �FZ�GVE���6JGUG�EJCPIGU�CTG�UJCFGF�KP�(KI��������6JG�GSWCVKQPUK M

CTG�PQY�KP�C�HQTO�YJKEJ�RGTOKVU�GNKOKPCVKQP�QH�+ ��+ ��+ ��KP�VJG�UCOG�YC[�CU�GNKOKPCVKQP�QH�ITQWPF�YKTGU�KP�'S�M ý O
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EWTTGPV�FKUVTKDWVKQP�KP�CU[OOGVTKECN�DWPFNGU�FGUETKDGF�KP�(KI������

/GVJQF�����4GRNCEKPI�DWPFNGF�UWDEQPFWEVQTU�YKVJ�GSWKXCNGPV�UKPING�EQPFWEVQT

6JKU�OGVJQF�YCU�FGXGNQRGF�HQT�JCPF�ECNEWNCVKQPU�=��?��CPF�YJKNG�VJGQTGVKECNN[�PQV�NKOKVGF�VQ�U[OOGVTKECN

DWPFNGU�� HQTOWNCU� JCXG� WUWCNN[� QPN[� DGGP� FGTKXGF� HQT� VJG�OQTG� KORQTVCPV� ECUG� QH� U[OOGVTKECN� DWPFNGU�� � 6JG

HQNNQYKPI�HQTOWNCU�CTG�DCUGF�QP�VJG�CUUWORVKQP�VJCV


C� VJG�DWPFNG�KU�U[OOGVTKECN�
5�������KP�(KI��������CPF
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)/4
GSWKX

'
0

0 @)/4 @ # 0&�

T
GSWKX

'
0

0 @ T @ # 0&�

����

(KI���������5[OOGVTKECN�DWPFNG�YKVJ�0�KPFKXKFWCN
UWDEQPFWEVQTU


�����


�����

9KVJ�VJGUG�CUUWORVKQPU��VJG�DWPFNG�ECP�DG�VTGCVGF�CU�C�UKPING�GSWKXCNGPV�EQPFWEVQT�KP�'S��
������D[�TGRNCEKPI
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VJKU�EQORCTKUQP���6JG�GZCORNG�YCU�C�����M8�VJTGG�RJCUG�NKPG�YKVJ�JQTK\QPVCN�VQYGT�EQPHKIWTCVKQP��YKVJ�RJCUGU���

HGGV�CRCTV�CV�CP�CXGTCIG�JGKIJV�CDQXG�ITQWPF�QH����HGGV���6JG�U[OOGVTKECN�DWPFNG�EQPUKUVGF�QH���UWDEQPFWEVQTU�URCEGF
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6JG�XCNWGU�QH�VJG�VJTGG�KORGFCPEGU�<	 ��<	 ��<	 �KP��������'S��
������CTG�PQV�GZCEVN[�GSWCN��DWV�VJGKT#�U[OO $�U[OO %�U[OO

CXGTCIG�XCNWG�KU�VJG�RQUKVKXG�UGSWGPEG�KORGFCPEG���$GECWUG�QH�UNKIJV�FKHHGTGPEGU�KP�VJG�VJTGG�XCNWGU��VJG�XQNVCIG�FTQRU

CTG�UNKIJVN[�WPU[OOGVTKECN�
QT�VJG�EWTTGPVU�DGEQOG�UNKIJVN[�WPU[OOGVTKECN�HQT�IKXGP�U[OOGVTKECN�XQNVCIG�FTQRU��

#U�FKUEWUUGF�KP�5GEVKQP��������VTCPURQUKPI�C�NKPG�GNKOKPCVGU�QT�TGFWEGU�VJGUG�WPU[OOGVTKGU�CV�RQYGT�HTGSWGPE[�

VJQWIJ�PQV�PGEGUUCTKN[�CV�JKIJGT�HTGSWGPEKGU�

+P�VJG�ECRCEKVCPEG�OCVTKZ�QH�C�VJTGG�RJCUG�NKPG��%	 �YQWNF�DG�VJG�UWO�QH�VJG�EQWRNKPI�ECRCEKVCPEGU�VQ�RJCUGU##

$�CPF�%�CPF�QH�VJG�ECRCEKVCPEG�VQ�ITQWPF��CPF�% �YQWNF�DG�VJG�PGICVKXG�XCNWG�QH�VJG�EQWRNKPI�ECRCEKVCPEG�DGVYGGP#$

RJCUGU� #� CPF� $�� �#UUWOKPI� U[OOGVTKECN� XQNVCIGU�� 'S�� 
������YQWNF� UJQY� UNKIJV� WPU[OOGVT[� KP� =F+ �FZ?�RJCUG

CPCNQIQWU�VQ�VJCV�QH�'S��
�������

��������0QOKPCN�B�%KTEWKV�HQT�'SWKXCNGPV�2JCUG�%QPFWEVQTU

6JG�OCVTKEGU�KP�'S��
������CPF�
������CTG�VJG�DCUKU�HQT�RTCEVKECNN[�CNN�'/62�NKPG�OQFGNU���'XGP�KP�UVWFKGU

YJGTG�ITQWPF�YKTGU�OWUV�DG�TGVCKPGF��KV�KU�UVKNN�VJGUG�OCVTKEGU�YJKEJ�CTG�WUGF��YKVJ�RJCUG�PWODGTU�CUUKIPGF�VQ�VJG

ITQWPF�YKTGU�CU�YGNN���#�VJTGG�RJCUG�NKPG�YKVJ�QPG�ITQWPF�YKTG�KU�EQPEGRVWCNN[�C�HQWT�RJCUG�NKPG��YKVJ�RJCUG�PQ����

�����HQT�RJCUG�EQPFWEVQTU�#��$��%�CPF�RJCUG�PQ����HQT�VJG�ITQWPF�YKTG�

1PG�V[RG�QH�NKPG�TGRTGUGPVCVKQP�WUGU�ECUECFG�EQPPGEVKQPU�QH�PQOKPCN�B�EKTEWKVU��CU�FKUEWUUGF�KP�5GEVKQPU

��������CPF�����������6JKU�RQN[RJCUG�PQOKPCN�B�EKTEWKV�YKVJ�C�UGTKGU�KORGFCPEG�OCVTKZ�CPF�GSWCN�UJWPV�ECRCEKVCPEG

OCVTKEGU�CV�DQVJ�GPFU��CU�UJQYP�KP�(KI��������KU�FKTGEVN[�QDVCKPGF�HTQO�VJG�OCVTKEGU�KP�'S��
������CPF�
������

CPF
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S�MO

����� (QT�GNGEVTKECNN[�UJQTV�NKPGU��CU�KP�VJKU�GZCORNG��GNGEVTQUVCVKE�EQWRNKPI�GHHGEVU�ECP�DG�UQNXGF�D[�VJGOUGNXGU�

YKVJ�=%	 ?��CPF�OCIPGVKE�EQWRNKPI�GHHGEVU�D[�VJGOUGNXGU�YKVJ�=<	 ?���(QT�UQNXKPI�UWEJ�ECUGU�YKVJ�VJG�'/62�RJCUG RJCUG

KV�KU�WUWCNN[�GCUKGT�VQ�WUG�PQOKPCN�B�EKTEWKVU�YJKEJ�EQODKPG�DQVJ�GHHGEVU���9KVJ�VJCV�CRRTQCEJ��GNGEVTKECNN[�NQPI
NKPGU�ECP�DG�UVWFKGF�CU�YGNN��RTQXKFGF�CP�CRRTQRTKCVG�PWODGT�QH�B�EKTEWKVU�CTG�EQPPGEVGF�KP�ECUECFG�

����


�����


�����

YJGTG�ý�KU�VJG�NGPIVJ�QH�VJG�NKPG�

6JG�ECUECFG�EQPPGEVKQP�QH�PQOKPCN�B�EKTEWKVU�CRRTQZKOCVGU�VJG�GXGP�FKUVTKDWVKQP�QH�VJG�NKPG�RCTCOGVGTU

TGCUQPCDN[�YGNN�WR�VQ�C�EGTVCKP�HTGSWGPE[���+V�FQGU�KIPQTG�VJG�HTGSWGPE[�FGRGPFGPEG�QH�VJG�TGUKUVCPEGU�CPF�KPFWEVCPEGU

RGT�WPKV�NGPIVJ��JQYGXGT��CPF�KU�VJGTGHQTG�TGCUQPCDN[�CEEWTCVG�QPN[�YKVJKP�C�EGTVCKP�HTGSWGPE[�TCPIG�

5VTKEVN[� URGCMKPI�� KV�OC[�PQV�DG�SWKVG�EQTTGEV� VQ� VTGCV� VJG�TGCN�RCTV�QH� =<	 ?�CU�C�TGUKUVCPEG��CPF� VJGRJCUG

KOCIKPCT[�RCTV�CU�C�TGCEVCPEG��CU�FQPG�KP�'S��
�������GURGEKCNN[�HQT�NKPGU�YKVJ�ITQWPF�YKTGU���(QT�C�VJTGG�RJCUG�NKPG

YKVJ�RJCUGU�#��$��%�CPF�ITQWPF�YKTG�I��VJG�QTKIKPCN���Z���OCVTKZ�KU�TGFWEGF�VQ�C���Z���OCVTKZ�YKVJ�GNGOGPVU

'XGP�KH�<	 �EQWNF�DG�UGRCTCVGF�KPVQ�TGUKUVCPEG�CPF�TGCEVCPEG�YKVJQWV�CP[�FQWDV��VJG�TGCN�RCTV�QH�VJG�UGEQPF�VGTOKM�QTKIKPCN

KP�'S��
������FGRGPFU�QP�VJG�KOCIKPCT[�RCTVU�QH�VJG�VJTGG�KORGFCPEGU�CU�YGNN��WPNGUU�VJG�4�:�TCVKQU�QH�CNN�VJTGG

KORGFCPEGU�YGTG�GSWCN���6JGTG�KU�CNUQ�UQOG�FQWDV�CDQWV�UGRCTCVKPI�<	 �KPVQ�TGUKUVCPEG�CPF�TGCEVCPEG�DGECWUGKM�QTKIKPCN

QH�VJG�GCTVJ�CU�CP�KORNKGF�TGVWTP�EQPFWEVQT��CU�OGPVKQPGF�KP�5GEVKQP�������0QPGVJGNGUU��GZRGTKGPEG�JCU�UJQYP�VJCV

PQOKPCN�B�EKTEWKVU�FQ�IKXG�TGCUQPCDNG�CPUYGTU�KP�OCP[�ECUGU��CPF�VJG[�CTG�CV�NGCUV�EQTTGEV�CV�VJG�HTGSWGPE[�CV�YJKEJ

VJG�OCVTKEGU�YGTG�ECNEWNCVGF�
CPF�RTQDCDN[�TGCUQPCDN[�CEEWTCVG�KP�C�HTGSWGPE[�TCPIG�CTQWPF�VJCV�URGEKHKE�HTGSWGPE[��

'ZCORNG�HQT�WUKPI�PQOKPCN�B�EKTEWKVU

'NGEVTQUVCVKE�CPF�OCIPGVKE�EQWRNKPI�GHHGEVU�HTQO�GPGTIK\GF�RQYGT�NKPGU�VQ�RCTCNNGN�QDLGEVU��UWEJ�CU�HGPEGU

QT�FG�GPGTIK\GF�RQYGT�NKPGU��CTG�KORQTVCPV�UCHGV[�KUUWGU��CPF�JCXG�DGGP�YGNN�FGUETKDGF�KP�VYQ�+'''�%QOOKVVGG

4GRQTVU�=������?���#�ECUG�QH�C�HGPEG�TWPPKPI�RCTCNNGN�VQ�C�RQYGT�NKPG�
(KI��������KU�FKUEWUUGF�JGTG��CU�CP�CRRNKECVKQP

GZCORNG�HQT�PQOKPCN�B�EKTEWKVU� ��$[�UKORN[�VTGCVKPI�VJG�HGPEG�CU�C�HQWTVJ�RJCUG�EQPFWEVQT��VJG�HQNNQYKPI�UGTKGU�

KORGFCPEG�CPF�UJWPV�ECRCEKVCPEG�OCVTKEGU�CTG�QDVCKPGF�

CPF
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(TQO�VJGUG�OCVTKEGU��VJG�PQOKPCN�B�EKTEWKV�OCVTKEGU�CTG�ECNEWNCVGF�YKVJ�'S��
������CPF�
������

2QYGT�NKPG�EQPFWEVQTU�
���4	 ���������S�MOKPVGTPCN

���:	 ����������S�MO�
���*\�#

���
TGCEVCPEG�CV���O�URCEKPI�
���FKCOGVGT��������OO
���HTGSWGPE[������*\
(GPEG�
���4	 ���������S�MOKPVGTPCN

���UQNKF�EQPFWEVQT�
PQPOCIPGVKE�
���FKCOGVGT���������OO
���NGPIVJ�����MO

(KI���������(GPEG���TWPPKPI�RCTCNNGN�YKVJ�RQYGT�NKPG�RJCUG�EQPFWEVQTU��������

#UUWOG�VJCV�VJG�HGPEG�KU�KPUWNCVGF�HTQO�VJG�RQUVU�CPF�PQYJGTG�ITQWPFGF���6Q�HKPF�VJG�XQNVCIG�QP�VJG�HGPEG

FWG�VQ�ECRCEKVKXG�EQWRNKPI��UKORN[�EQPPGEV�XQNVCIG�UQWTEGU�VQ�RJCUGU���������CV�VJG�UGPFKPI�GPF��CPF�NGCXG��������

CV�VJG�TGEGKXKPI�GPF�CU�YGNN�CU���CV�DQVJ�GPFU�QRGP�GPFGF���#UUWOKPI�8�������M8�4/5��NKPG�VQ�NKPG��VJG�HGPEG

XQNVCIG�DGEQOGU�8 ��������M8���+H�RJCUG���YGTG�CV�\GTQ�RQVGPVKCN�DGECWUG�QH�C�RJCUG�VQ�ITQWPF�HCWNV��YKVJ�RJCUGU�

��CPF���UVKNN�CV�TCVGF�XQNVCIG�����%��M8��VJGP�VJG�HGPEG�XQNVCIG�YQWNF�KPETGCUG�VQ�8 ��������M8���6JGUG�CPUYGTU�CTG�

RTCEVKECNN[�KPFGRGPFGPV�QH�HGPEG�NGPIVJ�

0QY�CUUWOG�VJCV�VJG���MO�NQPI�HGPEG�KU�ITQWPFGF�CV�VJG�UGPFKPI�GPF�CPF�QRGP�GPFGF�CV�VJG�TGEGKXKPI�GPF�

6Q�HKPF�VJG�XQNVCIG�KP�VJG�HGPEG�HQT�C�NQCF�EWTTGPV�QH���M#�4/5��UKORN[�CFF�EWTTGPV�UQWTEGU�VQ�RJCUGU���������CV�VJG

TGEGKXKPI�GPF��YKVJ�U[OOGVTKECN�XQNVCIG�UQWTEGU�CV�VJG�UGPFKPI�GPF���2JCUG���KU�EQPPGEVGF�VQ�ITQWPF�CV�VJG�UGPFKPI

GPF�CPF�QRGP�GPFGF�CV�VJG�TGEGKXKPI�GPF���6JG�CPUYGT�YKNN�DG�8 ���������M8��YJKEJ�KPETGCUGU�FTCOCVKECNN[��TGEGKXKPI�GPF

VQ�������M8�KH�VJG�EWTTGPVU�CTG�EJCPIGF�VQ�+ ������M#��+ ���+ �����VQ�UKOWNCVG�C�RJCUG�VQ�ITQWPF�HCWNV���(QT�VJKU�NCUV� � �

ECUG��VJG�HGPEG�EWTTGPV�YQWNF�DG�������M#�KH�VJG�HGPEG�YGTG�ITQWPFGF�CV�DQVJ�GPFU���6JGUG�CPUYGTU�CTG�RTCEVKECNN[

KPFGRGPFGPV�QH�VJG�XQNVCIG�QP�RJCUGU����������YJKEJ�ECP�GCUKN[�DG�XGTKHKGF�D[�UGVVKPI�VJGO�\GTQ�

��������%QPVKPWQWU�CPF�5GIOGPVGF�)TQWPF�9KTGU


C� %KTEWNCVKPI�%WTTGPVU�KP�%QPVKPWQWU�)TQWPF�9KTGU

#UUWOG�VJCV�ITQWPF�YKTG�PQ�����QH�(KI������KU�ITQWPFGF�CV�GCEJ�VQYGT���+H�VJG�ITQWPF�YKTG�KU�PQV�GNKOKPCVGF�
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(KI���������%KTEWNCVKPI�EWTTGPV�KP�ITQWPF�YKTG

(KI���������%CUECFG�EQPPGEVKQP�QH
NQQRU

VJGP�VJG�UGTKGU�KORGFCPEG�OCVTKZ�HQT�GSWKXCNGPV�RJCUG�EQPFWEVQTU�YKNN�DG�C���Z���OCVTKZ���+VU�GNGOGPVU�ECP�VJGP�DG

WUGF�VQ�ECNEWNCVG�VJG�NQPIKVWFKPCNN[�KPFWEGF�XQNVCIG�KP�VJG�ITQWPF�YKTG�

+H�VQYGT�CPF�VQYGT�HQQVKPI�TGUKUVCPEGU�CTG�KIPQTGF��VJGP�8 �����CV�CNN�VQYGTU�CU�NQPI�CU�URCP����YCXGNGPIVJ��QTI

5KPEG�VJG�OWVWCN�KORGFCPEGU�HTQO�VJG�RJCUG�EQPFWEVQTU�VQ�VJG�ITQWPF�YKTG�CTG�PGXGT�GZCEVN[�GSWCN��VJG�PWOGTCVQT

KP�'S��
������FQGU�PQV�CFF�WR�VQ�\GTQ�GXGP�KH�VJG�RJCUG�EWTTGPVU�CTG�U[OOGVTKECN���6JGTGHQTG��VJGTG�KU�C�PQP\GTQ

ITQWPF�YKTG�EWTTGPV�+ ��RTQFWEGF�D[�RQUKVKXG�UGSWGPEG�EWTTGPVU��YJKEJ�EKTEWNCVGU�VJTQWIJ�ITQWPF�YKTG��VQYGTU�CPFI

ITQWPF�
(KI����������6JKU�EKTEWNCVKPI�EWTTGPV�RTQFWEGU�CFFKVKQPCN�NQUUGU��YJKEJ�UJQY�WR�CU�CP�KPETGCUG�KP�VJG�XCNWG

QH�VJG�RQUKVKXG�UGSWGPEG�TGUKUVCPEG��EQORCTGF�YKVJ�VJG�TGUKUVCPEG�QH�VJG�RJCUG�EQPFWEVQTU���*CPFDQQM�HQTOWNCU�YQWNF

PQV� EQPVCKP� VJKU� KPETGCUG��DWV� VJG�GNKOKPCVKQP�QH� VJG�ITQWPF�YKTGU�FKUEWUUGF� KP�5GEVKQP���������YKNN�RTQFWEG� KV

CWVQOCVKECNN[���+P�QPG�RCTVKEWNCT�ECUG�QH�C�UKPING�EKTEWKV�����M8�NKPG��VJKU�KPETGCUG�YCU������

6JG�KPENWUKQP�QH�VQYGT�CPF�VQYGT�HQQVKPI�TGUKUVCPEGU�OC[�EJCPIG�VJG�TGUWNVU�QH�'S��
������UQOGYJCV���+H

YG�CUUWOG�GSWCN�TGUKUVCPEG�CV�CNN�VQYGTU��VJGP�KV�CRRGCTU�VJCV�VJG�XQNVCIG�FTQR�RTQFWEGF�D[�VJG�EWTTGPV�KP�VJG�NGHV�NQQR


(KI��������KU�ECPEGNGF�D[�VJG�XQNVCIG�FTQR�RTQFWEGF�D[�VJG�EWTTGPV�KP�VJG�OKFFNG�NQQR��CPF�'S��
������UJQWNF

VJGTGHQTG�UVKNN�DG�EQTTGEV��GZEGRV�KP�VJG�XGT[�HKTUV�CPF�XGT[�NCUV�URCP�QH�VJG�NKPG���6JKU�CUUWOGU�VJCV�VJG�RJCUG�EWTTGPVU

FQ�PQV�EJCPIG�HTQO�QPG�URCP�VQ�VJG�PGZV��YJKEJ�KU�TGCUQPCDNG�WR�VQ�C�EGTVCKP�HTGSWGPE[�



����� #P�GZEGRVKQP�CTG�UVWFKGU�YJGTG�KV�ECP�DG�CUUWOGF�VJCV�VJG�ICRU�CPF�KPUWNCVQTU�JCXG�HNCUJGF�QXGT���(QT�UWEJ�

UVWFKGU��ITQWPF�YKTGU�OWUV�DG�VTGCVGF�CU�EQPVKPWQWU��CU�UWIIGUVGF�D[�9�#��.GYKU���5YKVEJKPI�CPF�NKIJVPKPI
UWTIG�UVWFKGU�OC[�HCNN�KPVQ�VJKU�ECVGIQT[�

����

�6�EQPHKIWTCVKQP�
KP�UGIOGPVCVKQP�KPVGTXCN

)���KPUWNCVQT

(KI���������5GIOGPVGF�ITQWPF�YKTGU


D� 5GIOGPVGF�)TQWPF�9KTGU

6Q�CXQKF�VJG�NQUUGU�CUUQEKCVGF�YKVJ�VJGUG�EKTEWNCVKPI�EWTTGPVU��UQOG�WVKNKV[�EQORCPKGU�WUG�UGIOGPVGF�ITQWPF

YKTGU�YJKEJ�CTG�ITQWPFGF�CV�QPG�VQYGT��CPF�KPUWNCVGF�CV�CFLCEGPV�VQYGTU�VQ�DQVJ�GPFU�QH�VJG�UGIOGPVCVKQP�KPVGTXCN�

YJGTG�VJG[�CTG�KPVGTTWRVGF�CU�YGNN�
(KI����������

6JG[�UVKNN�CEV�CU�GNGEVTQUVCVKE�UJKGNFU�HQT�NKIJVPKPI�RTQVGEVKQP��DWV�YJGP�UVTWEM�D[�NKIJVPKPI��VJG�UGIOGPVCVKQP�ICRU

CPF�VJG�UOCNN�KPUWNCVQTU�YKNN�HNCUJ�QXGT��VJGTGD[�OCMKPI�VJG�ITQWPF�YKTG�EQPVKPWQWU�CICKP���6JG�UWRRQTVKPI�TQWVKPG

.+0'�%1056#065�JCU�CP�QRVKQP�HQT�UGIOGPVGF�ITQWPF�YKTGU��YJKEJ�KIPQTGU �VJGO�KP�VJG�ECNEWNCVKQP�QH�VJG�UGTKGU�

KORGFCPEG�OCVTKZ�UKPEG�VJG[�JCXG�PQ�KPHNWGPEG�QP�VJG�XQNVCIG�FTQRU�KP�VJG�RJCUG�EQPFWEVQTU��DWV�VCMGU�VJGO�KPVQ

CEEQWPV�KP�VJG�ECNEWNCVKQP�QH�VJG�ECRCEKVCPEG�OCVTKZ�DGECWUG�VJG�GNGEVTQUVCVKE�HKGNF�KU�PQV�KPHNWGPEGF�D[�UGIOGPVCVKQP�


E� 4GFWEVKQP�'HHGEV�QH�%QPVKPWQWU�)TQWPF�9KTGU�QP�+PVGTHGTGPEG

+PVGTHGTGPEG�HTQO�RQYGT�NKPGU�KP�RCTCNNGN�VGNGRJQPG�NKPGU�DGEQOGU�C�RTQDNGO�KH�VJGTG�CTG�JKIJ�\GTQ�UGSWGPEG

EWTTGPVU�KP�VJG�RQYGT�NKPG��G�I���KP�ECUG�QH�C�UKPING�RJCUG�VQ�ITQWPF�HCWNV���#UUWOG�C�VJTGG�RJCUG�NKPG�YKVJ�QPG

ITQWPF�YKTG�I�CPF�C�RCTCNNGN�VGNGRJQPG�NKPG�2�CU�UJQYP�KP�(KI���������(QT�\GTQ�UGSWGPEG�EWTTGPVU��YJKEJ�KORNKGU

GSWCN�EWTTGPVU�KP�RJCUGU�#��$��%��VJG�XQNVCIGU�KP�2�KPFWEGF�D[�EWTTGPVU�KP�#��$��%�YKNN�CFF�WR�KP�VJG�UCOG�FKTGEVKQP


(KI����������6JG�XQNVCIG�KPFWEGF�D[�VJG�ITQWPF�YKTG�EWTTGPV�+ �YKNN�JCXG�QRRQUKVG�RQNCTKV[��JQYGXGT��UKPEG�VJKUI
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(KI���������2CTCNNGN�VGNGRJQPG�NKPG�2�ENQUG�VQ�C
RQYGT�NKPG�YKVJ�RJCUGU�#��$��%�CPF�ITQWPF
YKTG�I


����C�


����D�


�����

EWTTGPV�HNQYU�KP�QRRQUKVG�FKTGEVKQP��VJGTGD[�TGFWEKPI�VJG�VQVCN�KPFWEGF�XQNVCIG���F8 �FZ���2CTV�QH�VJKU�DGPGHKEKCNR

TGFWEVKQP�OC[�DG�QHHUGV�D[�CP�KPETGCUG�KP�VJG�\GTQ�UGSWGPEG�EWTTGPVU�DGECWUG�ITQWPF�YKTGU�CNUQ�TGFWEG�VJG�\GTQ

UGSWGPEG�KORGFCPEG�QH�NKPGU�
V[RKECNN[�D[���VQ�����YKVJ�QPG

������������F8 �FZ�����������������<	 + ��2 2I I

6�������������������������<�=���������������
�������������������������������������������

6�������������<�������������<������������<��
�����<	 + ����������<	 + ��������<	 +2# # 2$ $ 2% %

(KI���������+PFWEGF�XQNVCIG�ECWUGF�D[�EWTTGPVU�+ ���+ ���+ �CPF�D[�+# $ % I

UVGGN� ITQWPF�YKTG�� QT� ��� VQ� ����YKVJ� QPG�#%54�ITQWPF�YKTG��� �6JG� TGFWEVKQP� GHHGEV� QH� VJG� ITQWPF�YKTG� QP

KPVGTHGTGPEG�ECP�DG�KPENWFGF�KP�VJG�ECNEWNCVKQPU�KP�VYQ�FKHHGTGPV�YC[U�


C� 1DVCKP�VJG�OWVWCN�KORGFCPEGU�HTQO�OCVTKEGU�KP�YJKEJ�ITQWPF�YKTGU�JCXG�DGGP�GNKOKPCVGF�CPF�KP�YJKEJ�VJG

RCTCNNGN�VGNGRJQPG�NKPGU�JCU�DGGP�TGVCKPGF�CU�CP�CFFKVKQPCN�EQPFWEVQT���6JGP�VJG�TGFWEVKQP�GHHGEV�QH�VJG

ITQWPF�YKTGU�KU�CWVQOCVKECNN[�EQPVCKPGF�KP�ECNEWNCVKPI�VJG�OCIPGVKECNN[�KPFWEGF�XQNVCIG�HTQO

CPF��KH�PGGFGF��VJG�GNGEVTQUVCVKECNN[�KPFWEGF�XQNVCIG�HQT�CP�KPUWNCVGF�RCTCNNGN�VGNGRJQPG�NKPG�HTQO


D� %CNEWNCVG�VJG�OWVWCN�KORGFCPEGU�HTQO�2�VQ�VJG�RJCUGU�CU�YGNN�CU�VQ�VJG�ITQWPF�YKTGU�
QT�QDVCKP�VJGO�HTQO

OCVTKEGU�KP�YJKEJ�VJG�ITQWPF�YKTGU�YGTG�TGVCKPGF���CPF�TGEQXGT�VJG�XCNWG�QH�VJG�ITQWPF�YKTG�EWTTGPVU�YKVJ

C��UETGGPKPI�OCVTKZ��HTQO�VJG�RJCUG�EWTTGPVU���$[�UGVVKPI�8 �����KP�'S��
�������VJG�ITQWPF�YKTG�EWTTGPVUI

CTG�QDVCKPGF�CU�
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YKVJ��W��KPFKECVKPI�WPITQWPFGF�RJCUG�EWTTGPVU�JGTG���6JG�UETGGPKPI�OCVTKZ�=( ?�KU�VJG�VTCPURQUG�QH�VJGUETGGP

FKUVTKDWVKQP�HCEVQT�OCVTKZ�=& ?�QH�'S��
+++�����KP�#RRGPFKZ�+++��CPF�CU�KPFKECVGF�VJGTG��ECP�GCUKN[�DG�QDVCKPGF��

CU�C�D[�RTQFWEV�QH�VJG�OCVTKZ�TGFWEVKQP�RTQEGUU���#U�CP�GZCORNG��(KI�������UJQYU�VJG�UVCPFKPI�YCXGU�QH

VJG�RJCUG�EWTTGPVU�QH�VJG�UKZVJ�JCTOQPKE�QH����*\�KP�VJG�VYQ�RQNGU�#��$�QH�VJG�2CEKHKE�+PVGTVKG�*8&%�NKPG�

CU�YGNN�CU�VJG�EWTTGPVU�KP�VJG�VYQ�ITQWPF�YKTGU�TGEQXGTGF�YKVJ�'S��
������=��?�

������2QUKVKXG�CPF�<GTQ�5GSWGPEG�2CTCOGVGTU�QH�$CNCPEGF �.KPGU�

#��DCNCPEGF��VTCPUOKUUKQP�NKPG�UJCNN�DG�FGHKPGF�CU�C�NKPG�YJGTG�CNN�FKCIQPCN�GNGOGPVU�QH�=<	 ?�CPF�=%	 ?RJCUG RJCUG

CTG�GSWCN�COQPI�VJGOUGNXGU��CPF�CNN�QHH�FKCIQPCN�GNGOGPVU�CTG�GSWCN�COQPI�VJGOUGNXGU�
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(KI���������6TCPURQUKVKQP�UEJGOG�HQT�UKPING�VJTGG�RJCUG
EKTEWKV

(KI���������$KRQNCT�FE�NKPG

6JG�QPN[�NKPG�YJKEJ�KU�VTWN[�DCNCPEGF�KU�VJG�U[OOGVTKE�DKRQNCT�FE�NKPG�
(KI���������YJGTG�<	 ���<	 ���<	 �CPF�<	�� �� U ��

��<	 ���5KPING�EKTEWKV�VJTGG�RJCUG�NKPGU�DGEQOG�OQTG�QT�NGUU�DCNCPEGF�KH�VJG�NKPG�KU�VTCPURQUGF��CU�UJQYP�KP�(KI�O

������RTQXKFGF�VJG�NGPIVJ�QH�VJG��DCTTGN��
�����UGEVKQPU��QT�QPG�E[ENG�QH�VJG�VTCPURQUKVKQP�UEJGOG��KU�OWEJ�NGUU�VJCP

VJG�YCXGNGPIVJ�QH�VJG�HTGSWGPEKGU�KPXQNXGF�KP�VJG�RCTVKEWNCT�UVWF[���9JKNG�VJG�9GUVKPIJQWUG�4GHGTGPEG�$QQM�=���

R�����?�OGPVKQPU�VJCV�C�DCTTGN�OC[�DG����VQ�����MO�KP�NGPIVJ�QP�NQPI�NKPGU��C�)GTOCP�JCPFDQQM�=����R�����?

TGEQOOGPFU�VJCV�QPG�DCTTGN�DG�PQ�NQPIGT� VJCP����MO�
CV����*\��QT����MO�CV����*\��HQT� NKPGU�YKVJ� VTKCPIWNCT

EQPFWEVQT�EQPHKIWTCVKQP��QT����MO�
CV����*\��QT����MO�CV����*\��HQT�QVJGT�EQPFWEVQT�EQPHKIWTCVKQPU���9JCVGXGT�VJG

NGPIVJ�QH�VJG�DCTTGN��KV�KU�KORQTVCPV�VQ�TGCNK\G�VJCV�YJKNG

C�NKPG�OC[�DG�TGCUQPCDN[�DCNCPEGF�CV�RQYGT�HTGSWGPE[��VJGTG�OC[�DG�GPQWIJ�WPDCNCPEG�CV�JKIJGT�HTGSWGPEKGU ���+H�

VJG�DCTTGN�NGPIVJ�KU�OWEJ�UJQTVGT�VJCP�VJG�YCXGNGPIVJ��VJGP�UGTKGU�KORGFCPEGU�ECP�DG�CXGTCIGF�D[�VJGOUGNXGU�VJTQWIJ

VJG�VJTGG�UGEVKQPU��CPF�UJWPV�ECRCEKVCPEGU�ECP�DG�CXGTCIGF�D[�VJGOUGNXGU��G�I���HQT�VJG�KORGFCPEGU�QH�VJG�NKPG�KP�(KI�
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6JG�CXGTCIKPI�RTQEGUU�HQT�VJG�UJWPV�ECRCEKVCPEGU�KU�CPCNQIQWU�

��������2QUKVKXG�CPF�<GTQ�5GSWGPEG�2CTCOGVGTU�QH�5KPING�%KTEWKV�6JTGG�2JCUG�.KPGU

$CNCPEGF�UKPING�EKTEWKV�VJTGG�RJCUG�NKPGU�ECP�DG�UVWFKGF�OWEJ�GCUKGT�YKVJ�U[OOGVTKECN�QT�"��$����EQORQPGPVU

DGECWUG�VJG�VJTGG�EQWRNGF�GSWCVKQPU�KP�VJG�RJCUG�FQOCKP�

DGEQOG�VJTGG�FGEQWRNGF�GSWCVKQPU�YKVJ�U[OOGVTKECN�EQORQPGPVU�

QT�YKVJ�"��$����EQORQPGPVU�

5KPEG�VTCPUHQTOCVKQP�VQ�U[OOGVTKECN�EQORQPGPVU�KPXQNXGU�EQORNGZ�EQGHHKEKGPVU��U[OOGVTKECN�EQORQPGPVU

CTG�PQV�YGNN�UWKVGF�HQT�VTCPUKGPV�CPCN[UKU�YJGTG�CNN�XCTKCDNGU�CTG�TGCN��CPF�CTG�VJGTGHQTG�QPN[�DTKGHN[�FKUEWUUGF�KP

5GEVKQP���������6JG�KORGFCPEGU�PGGFGF�KP�DQVJ�U[UVGOU�
������CPF�
������CTG�VJG�UCOG��JQYGXGT��PCOGN[�<	 �CPF\GTQ

<	 ���6JG�DCNCPEGF�FKUVTKDWVGF�RCTCOGVGT�NKPG�OQFGNU�KP�VJG�'/62�WUG�VTCPUHQTOCVKQPU�VQ�"��$����EQORQPGPVU��FWGRQU
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������CPF�KVU�KPXGTUG�TGNCVKQPUJKR�KU�VJG�UCOG�CU�FKUEWUUGF�RTGXKQWUN[�KP�'S��
�����CPF�
�������)QKPI�HTQO�VJG

VJTGG�EQWRNGF�GSWCVKQPU�KP�
������ VQ� VJG�VJTGG�FGEQWRNGF�GSWCVKQPU�KP�
������CNNQYU�WU� VQ�UQNXG�VJG�NKPG�CU� KH� KV

EQPUKUVGF�QH�VJTGG�UKPING�RJCUG�NKPGU��YJKEJ�KU�OWEJ�UKORNGT�VJCP�VT[KPI�VQ�UQNXG�VJG�GSWCVKQPU�QH�C�VJTGG�RJCUG�NKPG�

6JG�RQUKVKXG�UGSWGPEG�KPFWEVCPEG�QH�QXGTJGCF�NKPGU�KU�RTCEVKECNN[�EQPUVCPV��YJKNG�VJG�RQUKVKXG�UGSWGPEG

TGUKUVCPEG�TGOCKPU�OQTG�QT�NGUU�EQPUVCPV�WPVKN�UMKP�GHHGEV�KP�VJG�EQPFWEVQTU�DGEQOGU�PQVKEGCDNG��CU�UJQYP�KP�(KI�

�������<GTQ�UGSWGPEG�KPFWEVCPEG�CPF�TGUKUVCPEG�CTG�XGT[�OWEJ�HTGSWGPE[�FGRGPFGPV��FWG�VQ�UMKP�GHHGEVU�KP�VJG�GCTVJ

TGVWTP�

6JG�UJWPV�ECRCEKVCPEG�OCVTKZ�QH�C�DCNCPEGF�VJTGG�RJCUG�NKPG�DGEQOGU�FKCIQPCN�KP�"��$����EQORQPGPVU�CU

YGNN��YKVJ
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YJKEJ�KU�VJG�KPXGTUG�TGNCVKQPUJKR�QH�'S��
��������6JG�ECRCEKVCPEGU�CTG�EQPUVCPV�QXGT�VJG�HTGSWGPE[�TCPIG�QH�KPVGTGUV

VQ�RQYGT�GPIKPGGTU�

%QORCTKUQP�YKVJ�TGUWNVU�HTQO�JCPFDQQM�HQTOWNCU

6JG�RQUKVKXG�CPF�\GTQ�UGSWGPEG�RCTCOGVGTU�QDVCKPGF�HTQO�VJG�UWRRQTVKPI�TQWVKPGU�.+0'�%1056#065�CPF

%#$.'�%1056#065�OC[�FKHHGT�HTQO�VJQUG�QDVCKPGF�YKVJ�JCPFDQQM�HQTOWNCU���5KPEG�UQOG�'/62�WUGTU�OC[�OCMG

EQORCTKUQPU��KV�OC[�DG�YQTVJYJKNG�VQ�GZRNCKP�VJG�OCLQT�FKHHGTGPEGU�HQT�C�URGEKHKE�GZCORNG���#UUWOG�C�V[RKECN����

M8�NKPG�YKVJ�JQTK\QPVCN�RJCUG�EQPHKIWTCVKQP��YKVJ�RJCUGU����HGGV�CRCTV�CV�CP�CXGTCIG�JGKIJV�CDQXG�ITQWPF�QH����HGGV�

'CEJ�RJCUG�EQPUKUVU�QH�C�U[OOGVTKECN�DWPFNG�YKVJ���UWDEQPFWEVQTU�URCEGF����KPEJGU�CRCTV���5WDEQPFWEVQT�FKCOGVGT

������KPEJGU��FE�TGUKUVCPEG����������S�OKNG��)/4����������KPEJGU���6JTQWIJQWV�VJKU�EQORCTKUQP��VJG�DWPFNG

EQPFWEVQTU�CTG�TGRTGUGPVGF�CU�GSWKXCNGPV�EQPFWEVQTU�YKVJ�T �����������KPEJGU�HTQO�'S��
������CPF�)/4 ��GSWKX GSWKX

��������KPEJGU�HTQO�'S��
������

(QT�RQUKVKXG�UGSWGPEG�ECRCEKVCPEG��OQUV�JCPFDQQMU�IKXG�VJG�HQTOWNC

YKVJ�F ��� %F F F �
IGQOGVTKE�OGCP�FKUVCPEG�COQPI�VJG�VJTGG�RJCUGU��O #$ #% $%
�

6JKU�RTQFWEGU�C�XCNWG�CRRTQZ�����NQYGT�VJCP�VJG�OQTG�CEEWTCVG�XCNWG�HTQO�'S��
������HQT�VJG�����M8�NKPG�FGUETKDGF

CDQXG���6JG�HQTOWNC�HQT�\GTQ�UGSWGPEG�ECRCEKVCPEG�KP�=��?�CPF�=��?�

YKVJ

J ��� %J J J 
IGQOGVTKE�OGCP�JGKIJV��O # $ %
�

& ��� %& & & 
IGQOGVTKE�OGCP�FKUVCPEG�DGVYGGP�QPG�RJCUG�CPF�KOCIG�QH�CPQVJGT�RJCUG��O #$ #% $%
�

ECP�DG�FGTKXGF�D[�CXGTCIKPI�VJG�FKCIQPCN�CPF�QHH�FKCIQPCN�GNGOGPVU�KP�VJG�=2	 ?�OCVTKZ�COQPI�VJGOUGNXGU�VQRJCUG

CEEQWPV�HQT�VTCPURQUKVKQP���'S��
������JCU�VJKU�CXGTCIKPI�RTQEGUU�KORNKGF�KP�VJG�=%	 ?�OCVTKZ���$QVJ�IKXG�RTCEVKECNN[RJCUG

VJG�UCOG�CPUYGT��YKVJ�TGUWNVU�HTQO�'S��
������������NQYGT�VJCP�VJQUG�HTQO�'S��
��������+P�=��?��'S��
������KU

HWTVJGT�UKORNKHKGF�D[�CUUWOKPI�& �.��J �O O

YJKEJ�RTQFWEGU�C�XCNWG����JKIJGT�VJCP�VJG�XCNWG�HTQO�'S��
��������9JKNG�'S��
������KU�VJGQTGVKECNN[�NGUU�CEEWTCVG�

VJG�XCNWG�OC[�CEVWCNN[�DG�ENQUGT� VQ�OGCUWTGF�XCNWGU�DGECWUG�VJG�KPHNWGPEG�QH� VQYGTU��YJKEJ�KU�PGINGEVGF�KP�CNN
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HQTOWNCU��V[RKECNN[�KPETGCUGU�VJG�ECNEWNCVGF�\GTQ�UGSWGPEG�ECRCEKVCPEG�D[�CDQWV���VQ����QP�����M8�NKPGU��CDQWV���

QP�����CPF�����M8�NKPGU��CPF�CDQWV����QP�����M8�NKPGU�=����R�����?�

6JG�HQTOWNCU�HQT�\GTQ�CPF�RQUKVKXG�UGSWGPEG�KORGFCPEGU�KP�OQUV�JCPFDQQMU�CTG�DCUGF�QP�VJG�CUUWORVKQP

VJCV�RCTCOGVGT�C�KP�'S��
������KU�UQ�UOCNN�VJCV�QPN[�VJG�HKTUV�VGTO�KP�VJG�UGTKGU�QH�'S��
������OWUV�DG�TGVCKPGF���(QT

PQTOCN�RJCUG�URCEKPIU�VJKU�KU�RTQDCDN[�C�TGCUQPCDNG�CUUWORVKQP�CV�RQYGT�HTGSWGPE[����QT����*\���6JGP��CHVGT�CNN

FKCIQPCN�CPF�QHH�FKCIQPCN�GNGOGPVU�JCXG�DGGP�CXGTCIGF�QWV�COQPI�VJGOUGNXGU�VJTQWIJ�VTCPURQUKVKQP�

CPF

YKVJ

6JKU�NGCFU�VQ�VJG�GZRTGUUKQP

YKVJ�4	 ���CE�TGUKUVCPEG�QH�GSWKXCNGPV�RJCUG�EQPFWEVQT���+V�KU�KPVGTGUVKPI�VJCV�VJG�KPHNWGPEG�QH�ITQWPF�TGUKUVKXKV[�CPFCE

QH�EQPFWEVQT�JGKIJV��YJKEJ�KU�RTGUGPV�KP�<	 �CPF�<	 ��EQORNGVGN[�FKUCRRGCTU�JGTG�KP�VCMKPI�VJG�FKHHGTGPEG��<	 ��U O RQU

<	 ���<	 ���'S��
������KU�VJG�HQTOWNC�HQWPF�KP�OQUV�JCPFDQQMU���6CDNG�����EQORCTGU�TGUWNVU�HTQO�'S��
������YKVJU O

TGUWNVU� HTQO�'S�� 
������ HQT� VJG�����M8� NKPG�FGUETKDGF�CDQXG�YKVJ� VJG� HQNNQYKPI�CFFKVKQPCN� CUUWORVKQPU��'CTVJ

TGUKUVKXKV[�������SO��UMKP�GHHGEV�YKVJKP�EQPFWEVQTU�KIPQTGF�VQ�NKOKV�FKHHGTGPEGU�VQ�KPHNWGPEG�QH�GCTVJ�TGVWTP�
VJCV�KU�

4	 ���4	 �CPF�)/4 ���EQPUVCPV��CE FE GSWKX

6CDNG�������#EEWTCVG�CPF�CRRTQZKOCVG�RQUKVKXG�UGSWGPEG�TGUKUVCPEG�CPF�KPFWEVCPEG

#%%74#6' #2241:+/#6'
4	 �CPF�.	 �HTQO�'S��
����� 4	 �CPF�.	 �HTQO�'S��
�����RQU RQU RQU RQU

H 4	 .	 4	 .	

*\� 
S�OKNG� 
O*�OKNG� 
S�OKNG� 
O*�OKNG�
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6CDNG�����UJQYU�VJCV�.	 �HTQO�'S��
������KU�SWKVG�CEEWTCVG�QXGT�C�YKFG�HTGSWGPE[�TCPIG��YJGTGCU�4	 �DGEQOGU�NGUURQU RQU

CEEWTCVG�CU�VJG�HTGSWGPE[�KPETGCUGU�
������GTTQT�CV�����*\��DWV�YTQPI�D[�QTFGTU�QH�OCIPKVWFG�CV�����M*\����6JG

KPETGCUG�KP�4	 �KP�VJG�JKIJGT�HTGSWGPE[�TCPIG�KU�ECWUGF�D[�GFF[�EWTTGPVU�KP�VJG�GCTVJ��CU�KPFKECVGF�KP�(KI�������HQTRQU
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with the first diagonal element being the zero sequence (ground mode) impedance, and the next M-1 diagonal elements

being the positive sequence (aerial mode) impedance,

and similarly for the capacitances,

To refer to the two distinct diagonal elements as zero and positive sequence may be confusing, because the

concept of sequence values has primarily been used for three-phase lines.  "Ground mode" and "aerial mode" may be

more appropriate.  Confusion is most likely to arise for double-circuit three-phase lines, where each three-phase line

has its own zero and positive sequence values defined by Eq. (4.50) and (4.51) with symmetrical components used for

each three-phase circuit, while in the context of this section the double-circuit line is treated as a six-phase line with

different zero and positive sequence values defined by Eq. (4.60) and (4.61).  The fact that the terms zero and positive

sequence are used for M û 3 as well comes from the generalization of symmetrical components of Section 4.1.4 to M

phases with the transformation matrix [56, p. 155]
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with

A special case of interest for symmetric bipolar dc lines  is M = 2.  In this case [T] of Eq. (4.58) and [S] of11

Eq. (4.62a) are identical,

4.1.3.3 Two Identical Three-Phase Lines with Zero Sequence Coupling Only

Just as a transposed single-circuit three-phase line can usually be approximated as a balanced line, so two

identical and parallel three-phase lines can often be approximated as "almost balanced" lines with an impedance matrix

of the form

The transposition scheme of Fig. 4.22 would produce such a matrix form, which implies that the two circuits are only

coupled in zero sequence, but not in positive or negative sequence.  Such a complicated transposition scheme is seldom,

if ever, used, but the writer suspects that positive and negative sequence couplings in the more common double-circuit

transposition scheme of Fig. 4.23 is often so weak that the model discussed here may be a useful approximation for the

case of Fig. 4.23 as well.
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T h e

matrix of Eq. (4.64) is diagonalized by modifying the transformation matrix of Eq. (4.58) to

with [T]  = [T]  again, which produces the diagonal matrix-1 t

                 Z’                   G

                    Z’ IL

                        Z’ L

                           Z’                                             (4.66)L

                              Z’ L

                                 Z’ L

                                                                    

                                                                                       

If each circuit has three-phase sequence parameters Z’ , Z’ , and if the three-phase zero sequence coupling betweenzero pos

the two circuits is Z’ , then the ground mode G, inter-line mode IL and line mode L values required by the EMTPzero-coupling

are found from

with identical equations for the capacitances.  

If the two three-phase circuits are not identical, then the transformation matrix of Eq. (4.65) can no longer be

used; instead, [T] depends on the particular tower configuration.
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4.1.4 Symmetrical Components

Symmetrical components are not used as such in the EMTP, except that the parameters of balanced lines after

transformation to M-phase , , 0-components are the same as the parameters of symmetrical components, namely zero

and positive sequence values.  The supporting routine LINE CONSTANTS does have output options for more detailed

symmetrical component information, however, which may warrant some explanations.

In addition to zero and positive sequence values, LINE CONSTANTS also prints full symmetrical component

matrices.  Its diagonal elements are the familiar zero and positive sequence values of the line; they are correct for the

untransposed line as well as for a line which has been balanced through proper transpositions.  The off-diagonal

elements are only meaningful for the untransposed case, because they would become zero for the balanced line.  For

the untransposed case, these off-diagonal elements are used to define unbalance factors [47, p. 93].  The full symmetrical

component matrices are no longer symmetric, unless the columns for positive and negative sequence are exchanged [27].

This exchange is made in the output of the supporting routine LINE CONSTANTS with rows listed in order "zero, pos,

neg,..." and columns in order "zero, neg, pos,...".  With this trick, matrices can be printed in triangular form (elements

in and below the diagonal), as is done with the matrices for individual and equivalent phase conductors.

Symmetrical components for two-phase lines are calculated with the transformation matrix of Eq. (4.63), while

those of three-phase lines are calculated with

identical for currents,

and a = e .j120E

The columns in these matrices are normalized ; in that form, [S] is unitary,12



=< )

U[OO
? '
=5?&� �

� =5?&�
< )

RJCUG

=5? �

� =5?

=< )

U[OO
? '

< )

\GTQ&+
� � <

\GTQ&EQWRNKPI
� �

� < )

RQU&+
� � � �

� � < )

RQU&+
� � �

<
\GTQ&EQWRNKPI

� � < )

\GTQ&++
� �

� � � � < )

RQU&++
�

� � � � � < )

RQU&++

����


�����

where "*" indicates conjugate complex and "t" transposition.

For M $ 3, the supporting routine LINE CONSTANTS assumes three-phase lines in parallel.  Examples:

M = 6: Two three-phase lines in parallel

M = 9: Three-phase lines in parallel

M = 8: Two three-phase lines in parallel, with equivalent phase conductors no. 7 and 8 ignored in the

transformation to symmetrical components.

The matrices are then transformed to three-phase symmetrical components and not to M-phase symmetrical components

of Eq. (4.62).  For example for M = 6 (double-circuit three-phase line),

with [S] defined by Eq. (4.68), Eq. (4.70) produces the three-phase symmetrical component values required in Eq.

(4.67).

Balancing of double-circuit three-phase lines through transpositions never completely diagonalizes the

respective symmetrical component matrices.  The best that can be achieved is with the seldom-used transposition scheme

of Fig. 4.22, which leads to

(4.71)

If both circuits are identical, then Z’  = Z’  = Z’ , and Z’  = Z’  = Z’ ; in that case, the transformation matrixzero-I zero-II zero pos-I pos-II pos

of Eq. (4.65) can be used for diagonalization.  The more common transposition scheme of Fig. 4.23 produces positive

and zero sequence coupling between the two
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Fig. 4.23 - Double-circuit transposition scheme

circuits as well, with the nonzero pattern of the matrix in Eq. (4.71) changing to

where "X" indicates nonzero terms.  Re-assigning the phases in Fig. 4.23(b) to CI, BI, AI, AII, BII, CII from top to

bottom would change the matrix further to cross-couplings between positive sequence of one circuit and negative

sequence of the other circuit, and vice versa,

4.1.5 Modal Parameters

From the discussions of Section 4.1.3 it should have become obvious that the solution of M-phase transmission

line equations becomes simpler if the M coupled equations can be transformed to M decoupled equations.  These

decoupled equations can then be solved as if they were single-phase equations.  For balanced lines, this transformation

is achieved with Eq. (4.58).

Many lines are untransposed, however, or each section of a transposition barrel may no longer be short

compared with the wave length of the highest frequencies occurring in a particular study, in which case each section

must be represented as an untransposed line.  Fortunately, the matrices of untransposed lines can be diagonalized as

well, with transformations to "modal" parameters derived from eigenvalue/eigenvector theory.  The transformation

matrices for untransposed lines are no longer known a priori, however, and must be calculated for each particular pair

of parameter matrices [Z’ ] and [Y’ ].phase phase

To explain the theory, let us start again from the two systems of equations (4.31) and (4.32),
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and

with [Y’ ] = j [C’ ] if shunt conductances are ignored, as is customarily done.  By differentiating the first equationphase phase

with respect to x, and replacing the current derivative with the second equation, a second-order differential equation for

voltages only is obtained,

Similarly, a second-order differential equation for currents only can be obtained,

where the matrix products are now in reverse order from that in Eq. (4.73a), and therefore different.  Only for balanced

matrices, and for the lossless high-frequency approximations discussed in Section 4.1.5.2, would the matrix products

in Eq. (4.73a) and (4.73b) be identical.

With eigenvalue theory, it becomes possible to transform the two coupled equations (4.73) from phase

quantities to "modal" quantities in such a way that the equations become decoupled, or in terms of matrix algebra, that

the associated matrices become diagonal, e.g., for the voltages,

with [ ] being a diagonal matrix.  To get from Eq. (4.73a) to (4.74), the phase voltages must be transformed to mode

voltages, with

and

Then Eq. (4.73a) becomes
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which, when compared with Eq. (4.74), shows us that

To find the matrix [T ] which diagonalizes [Z’ ][Y’ ] is the eigenvalue/eigenvector problem.  The diagonal elementsv phase phase

of [ ] are the eigenvalues of the matrix product [Z’ ][Y’ ], and [T ] is the matrix of eigenvectors or modal matrixphase phase v

of that matrix product.  There are many methods for finding eigenvalues and eigenvectors.  The most reliable method

for finding the eigenvalues seems to be the QR-transformation due to Francis [3], while the most efficient method for

the eigenvector calculation seems to be the inverse iteration scheme due to Wilkinson [4, 5].  In the supporting routines

LINE CONSTANTS and CABLE CONSTANTS, the "EISPACK"-subroutines [67] are used, in which the eigenvalues

and eigenvectors of a complex upper Hessenberg matrix are found by the modified LR-method due to Rutishauser.  This

method is a predecessor of the QR-method, and where applicable, as in the case of positive definite matrices, is more

efficient than the QR-method [68].  To transform the original complex matrix to upper Hessenberg form, stabilized

elementary similarity transformations are used.  For a given eigenvalue , the corresponding eigenvector [t ] (=   k-thk vk

column of [T ]) is found by solving the system of linear equationsv

with [U] = unit or identity matrix.  Eq. (4.77) shows that the eigenvectors are not uniquely defined in the sense that they

can be multiplied with any nonzero (complex) constant and still remain proper eigenvectors , in contrast to the13

eigenvalues which are always uniquely defined.

Floating-point overflow may occur in eigenvalue/eigenvector subroutines if the matrix is not properly scaled.

Unless the subroutine does the scaling automatically, [Z’ ][Y’ ] should be scaled before the subroutine call, byphase phase

dividing each element by     -( g µ ), as suggested by Galloway, Shorrows and Wedepohl [39].  This division brings2
0 0

the matrix product close to unit matrix, because [Z' ][Y' ] is a diagonal matrix with elements - g µ  if resistances,phase phase 0 0
2

internal reactances and Carson's correction terms are ignored in Eq. (4.7) and (4.8), as explained in Section 4.1.5.2.  The

eigenvalues from this scaled matrix must of course be multiplied with -g µ  to obtain the eigenvalues of the original2
0 0

matrix.  In [39] it is also suggested to subtract 1.0 from the diagonal elements after the division; the eigenvalues of this

modified matrix would then be the p.u. deviations from the eigenvalues of the lossless high-frequency approximation

of Section 4.1.5.2, and would be much more separated from each other than the unmodified eigenvalues which lie close

together.  Using subroutines based on [67] gave identical results with and without this subtraction of 1.0, however.

In general, a different transformation must be used for the currents,
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and

because the matrix products in Eq. (4.73a) and (4.73b) have different eigenvectors, though their eigenvalues are

identical.  Therefore, Eq. (4.73b) is transformed to 

with the same diagonal matrix as in Eq. (4.74).  While [T ] is different from [T ], both are fortunately related to eachi v

other [58],

where "t" indicates transposition.  It is therefore sufficient to calculate only one of them.

Modal analysis is a powerful tool for studying power line carrier problems [59-61] and radio noise interference

[62, 63].  Its use in the EMTP is discussed in Section 4.1.5.3.  It is interesting to note that the modes in single-circuit

three-phase lines are almost identical with the , , 0-components of Section 4.1.3.1 [58].  Whether the matrix products

in Eq. (4.73) can always be diagonalized was first questioned by Pelissier in 1969 [64].  Brandao Faria and Borges da

Silva have shown in 1985 [65] that cases can indeed be constructed where the matrix product cannot be diagonalized.

It is unlikely that such situations will often occur in practice, because extremely small changes in the parameters (e.g.,

in the 8th significant digit) seem to be enough to make it diagonalizable again.  Paul [66] has shown that diagonalization

can be guaranteed under simplifying assumptions, e.g., by neglecting conductor resistances.

The physical meaning of modes can be deduced from the transformation matrices [T ] and [T ].  Assume, forv i

example, that column 2 of [T] has entries of (-0.6, 1.0, -0.4).  From Eq. (4.78a) we would then know that mode-2 currenti

flows into phase B in one way, with 60% returning in phase A and 40% returning in phase C.

4.1.5.1 Line Equations in Modal Domain

With the decoupled equations of (4.74) and (4.79) in modal quantities, each mode can be analyzed as if it were

a single-phase line.  Comparing the modal equation

with the well-known equation of a single-phase line,

with the propagation constant  defined in Eq. (1.15), shows that the modal propagation constant  is the squaremode-k
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root of the eigenvalue,

with

 = attenuation constant of mode k (e.g., in Np/km),k

 = phase constant of mode k (e.g., in rad/km).k

The phase velocity of mode k is

and the wavelength is

While the modal propagation constant is always uniquely defined, the modal series impedance and shunt

admittance as well as the modal characteristic impedance are not, because of the ambiguity in the eigenvectors.

Therefore, modal impedances and admittances only make sense if they are specified together with the eigenvectors used

in their calculation.  To find them, transform Eq. (4.72a) to modal quantities

The triple matrix product in Eq. (4.83) is diagonal, and the modal series impedances are the diagonal elements of this

matrix

or with Eq. (4.80),

Similarly, Eq. (4.72b) can be transformed to modal quantities, and the modal shunt admittances are then the diagonal

elements of the matrix

or with Eq. (4.80),
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The proof that both [Z’ ] and [Y’ ] are diagonal is given by Wedepohl [58].  Finally, the modal characteristicmode mode

impedance can be found from the scalar equation

or from the simpler equation

A good way to obtain the modal parameters may be as follows: First, obtain the eigenvalues  and thek

eigenvector matrix [T ] of the matrix product [Z’ ][Y’ ].  Then find [Y’ ] from Eq. (4.85b), and the modal seriesv phase phase mode

impedance from the scalar equation

The modal characteristic impedance can then be calculated from Eq. (4.86a), or from Eq. (4.86b) if the propagation

constant from Eq. (4.81) is needed as well.  If [T ] is needed, too, it can be found efficiently from Eq. (4.85a)i

because the product of the first two matrices is available anyhow when [Y’ ] is found, and the post-multiplication withmode

[Y’ ]  is simply a multiplication of each column with a constant (suggested by Luis Marti).  Eq. (4.85c) alsomode
-1

establishes the link to an alternative formula for [T ] mentioned in [57],i

with [D] being an arbitrary diagonal matrix.  Setting [D] = [Y’ ]  leads us to the desirable condition [T ] = [T ]  ofmode i v
-1 t -1

Eq. (4.80).  If the unit matrix were used for [D], all modal matrices in Eq. (4.84) and (4.85) would still be diagonal, but

with the strange-looking result that all modal shunt admittances become 1.0 and that the modal series impedances

become .  Eq. (4.80) would, of course, no longer be fulfilled.  For a lossless line, the modal series impedance wouldk

then become a negative resistance, and the modal shunt admittance would become a shunt conductance with a value of

1.0 S.  As long as the case is solved in the frequency domain, the answers would still be correct, but it would obviously

be wrong to associate such modal parameters with

(with R’ negative and G’ = 1.0) in the time domain.
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4.1.5.2 Lossless High-Frequency Approximation

In lightning surge studies, many simplifying assumptions are made.  For example, the waveshape and amplitude

of the current source representing the lightning stroke is obviously not well known.  Similarly, flashover criteria in the

form of volt-time characteristics or integral formulas [8] are only approximate.  In view of all these uncertainties, the

use of highly sophisticated line models is not always justified.  Experts in the field of lightning surge studies normally

use a simple line model in which all wave speeds are equal to the speed of light, with a surge impedance matrix [Z ]surge

in phase quantities, where

with r  being the radius of the conductor, or the radius of the equivalent conductor from Eq. (4.30) in case of a bundlei

conductor.  14

Typically, each span between towers is represented separately as a line, and only a few spans are normally

modelled (3 for shielded lines, or 18 for unshielded lines in [8]).  For such short distances, losses in series resistances

and differences in modal travel times are negligible.  The effect of corona is sometimes included, however, by modifying

the simple model of Eq. (4.87) [8].

It is possible to develop a special line model based on Eq. (4.87) for the EMTP, in which all calculations are

done in phase quantities.  But as shown here, the simple model of Eq. (4.87) can also be solved with modal parameters

as a special case of the untransposed line.  The simple model follows from Eq. (4.72) by making two assumptions for

a "lossless high-frequency approximation":

1. Conductor resistances and ground return resistances are ignored.

2. The frequencies contained in the lightning surges are so high that all currents flow on the surface of

the conductors, and on the surface of the earth.

Then the elements of [Z’ ] becomephase

while [Y’] is obtained by inverting the potential coefficient matrix,

with the elements of [P’] being the same as in Eq. (4.88) if the factor j µ /(2 ) is replaced by 1/(2g ).  Then both matrix0 0
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products in Eq. (4.73) become diagonal matrices with all elements being

These values are automatically obtained from the supporting routines LINE CONSTANTS and CABLE

CONSTANTS as the eigenvalues of the matrix products in Eq. (4.73), by simply using the above two assumptions in

the input data (all conductor resistances = 0, GMR/r = 1.0, no Carson correction terms).  The calculation of the

eigenvector matrix [T ] or [T ] needed for the untransposed line model of Section 4.2 breaks down, however, becausev i

the matrix products in Eq. (4.73) are already diagonal.  To obtain [T ], let us first assume equal, but nonzero conductorv

resistances R’.  Then the eigenvectors [t ] are defined byvk

with the expression in parentheses being the matrix product [Z’ ][Y’ ], and [U] = unit matrix.  Eq. (4.91) can bephase phase

rewritten as 

with modified eigenvalues

Eq. (4.92) is valid for any value of R’, including zero.  It therefore follows that [T ] is obtained as the eigenvectors ofv

[P’] , or alternatively as the eigenvectors of [P’] since the eigenvectors of a matrix are equal to the eigenvectors of its-1

inverse.  The eigenvalues of [P]  are not needed because they are already known from Eq. (4.90), but they could also-1

be obtained from Eq. (4.93) by setting R’ = 0.

For this simple mode, [T ] is a real, orthogonal matrix,v

and therefore,

D.E. Hedman has solved this case of the lossless high-frequency approximation more than 15 years ago [45].  He

recommended that the eigenvectors be calculated from the surge impedance matrix of Eq. (4.87), which is the same as

calculating them from [P’] since both matrices differ only by a constant factor.

One can either modify the line constants supporting routines to find the eigenvectors from [P’] for the lossless

high-frequency approximation, as was done in UBC’s version, or use the same trick employed in Eq. (4.91) in an

unmodified program: Set all conductor resistances equal to some nonzero value R’, set GMR/r = 1, and ask for zero

Carson correction terms.  If the eigenvectors are found from [P’], then it is advisable to scale this matrix first by

multiplying all elements with 2 g .0

The lossless high-frequency approximation produces eigenvectors which differ from those of the lossy case
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at very high frequencies [61].  This is unimportant for lightning surge studies, but important for power line carrier

problems.

Example:  For a distribution line with one ground wire (Fig. 4.24) the lossless high-frequency approximation produces

the following modal surge impedances and transformation matrix,

mode Z  ( )surge-mode

1 993.44
2 209.67
3 360.70
4 310.62

Converted to phase quantities, the surge impedance matrix becomes [T ][Z ][T ] , orv surge-mode v
t
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The elements from Eq. (4.87) are slightly larger, by a factor of 300,000/299,792, because the supporting routine LINE
CONSTANTS uses 299,792 km/s for the speed of light, versus 300,000 km/s implied in Eq. (4.87).

     Representation in EMTP then would be by means of a 4-phase, constant-parameter, lossless line.  The following
branch cards are for the first of 4 such cascaded sections:

   -11A    2A                993.44 .3E-6       2   4
   -11B    2B                993.44 .3E-6       2   4
   -11C    2C                993.44 .3E-6       2   4
   -11D    2D                993.44 .3E-6       2   4

The modelling of long lines as coupled shunt resistances [R] = [Z ] has already been discussed in Sectionsurge-phase

3.1.3.  In the example above, such a shunt resistance matrix could be used to represent the rest of the line after the 4

spans from the substation.  Simply using the 4 x 4 matrix would be unrealistic with respect to the ground wire, however,

because it would imply that the ground wire is ungrounded on the rest of the line.  More realistic, though not totally

accurate, would be a 3 x 3 matrix obtained from [Z’ ] and [Y’ ] in which the ground wire has been eliminated.  Thisphase phase

model implies zero potential everywhere on the ground wire, in contrast to the four spans where the potential will more

or less oscillate around zero because of reflections up and down the towers.

Comparison with More Accurate Models:  For EMTP users who are reluctant to use the simple model described in this

section, a few comments are in order.  First, let us compare exact values with the approximate values.  If we use constant

parameters and choose 400 kHz as a reasonable frequency for lightning surge studies, then we obtain the results of table

4.5 for the test example above, assuming T/D = 0.333 for skin effect correction and internal inductance calculation with

the tubular conductor formula, R’  = 0.53609 /km, and  = 100 m.dc

Table 4.5 - Exact line parameters at 400 kHz

mode Z  ( ) wave velocity (m/s) R’ ( /km)surge-mode

1 1027.6-j33.9 285.35 597.4
2 292.0-j0.5 299.32 7.9
3 361.9-j0.5 299.37 8.2
4 311.1-j0.5 299.32 8.0

The differences are less than 0.5% in surge impedance and wave speed for the aerial modes 2 to 4, and not more than

5% for the ground return mode 1.  These are small differences, considering all the other approximations which are made

in lightning surge studies.  If series resistances are included by lumping them in 3 places, totally erroneous results may

be obtained if the user forgets to check whether R/4 # Z  in the ground return mode.  For the very short line lengthsurge

of 90 m in this example, this condition would still be fulfilled here.

Using constant parameters at a particular frequency is of course an approximation as well, and some users may

therefore prefer frequency-dependent models.  For very short line lengths, such as 90 m in the example, most frequency-

dependent models are probably unreliable, however.  It may therefore be more sensible to use the simple model
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described here, for which answers are reliable, rather than sophisticated models with possibly unreliable answers.

A somewhat better lossless line model for lightning surge studies than the preceding one has been suggested

by V. Larsen [92].  To obtain this better model, the line parameters are first calculated in the usual way, at a certain

frequency which is typical for lightning surges (e.g., at 400 kHz).  The resistances are then set to zero when the matrix

product [Z’ ][Y’ ] is formed, before the modal parameters are computed.  With this approach, [T ] will always bephase phase i

real.  Table 4.6 shows the modal parameters of this better lossless model.  They differ very little from those in Table

4.5.

Table 4.6 - Approximate modal parameters at 400 kHz with R=0

mode Z  ( ) wave velocity (m/s)surge-mode

1 1026.3 285.50

2 292.0 299.32

3 362.0 299.37

4 311.1 299.32

In particular, the wave velocity of the ground return mode 1 is now much closer to the exact value of Table 4.5.  The

transformation matrix which goes with the modal parameters of Table 4.6 is

In this case [T ] is no longer to [T ]; Eq. (4.80) must be used instead.v i

4.1.5.3 Approximate Transformation Matrices for Transient Solutions

The transformation matrices [T ] and [T ] are theoretically complex, and frequency-dependent as well.  Withv i

a frequency-dependent transformation matrix, modes are only defined at the frequency at which the transformation

matrix was calculated.  Then the concept of converting a polyphase line into decoupled single-phase lines (in the modal

domain) cannot be used over the entire frequency range.  Since the solution methods for transients are much simpler

if the modal composition is the same for all frequencies, or in other words, if the transformation matrices are constant

with real coefficients, it is worthwhile to check whether such approximate transformation matrices can be used without

producing too much error.  Fortunately, this is indeed possible for overhead lines [66, 78].

Guidelines for choosing approximate (real and constant) transformation matrices have not yet been worked out

at the time when these notes are being written.  The frequency-dependent line model of J. Marti discussed in Section

4.2.2.6 needs such a real and constant transformation matrix, and wrong answers would be obtained if a complex

transformation matrix were used instead.  Since a real and constant transformation matrix is always an approximation,
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its use will always produce errors, even if they are small and acceptable.  The errors may be small in one particular

frequency region, and larger in other regions, depending on how the approximation is chosen.

One choice for an approximate transformation matrix would be the one used in the lossless approximations

discussed in Section 4.1.5.2.  This may be the best choice for lightning surge studies.

For switching surge studies and similar types of studies, the preferred approach at this time seems to be to

calculate [T ] at a particular frequency (e.g., at 1 kHz), and then to ignore the imaginary part of it.  In this approach, [T ]v v

should be predominantly real before the imaginary part is discarded.  One cannot rely on this when the subroutine

returns the eigenvectors, since an eigenvector multiplied with e  or any other constant would still be a properj50E

eigenvector.  Therefore, the columns of [T ] should be normalized in such a way that its components lie close to the realv

axis.  One such normalization procedure was discussed by V. Brandwajn [79].  The writer prefers a different approach,

which works as follows:

1. Ignore shunt conductances, as is customarily done.  Then [Y’ ] is purely imaginary.  Use Eq. (4.85)phase

to find the diagonal elements of the modal shunt admittance matrix Y’ .mode-k-preliminary

2. In general, these "preliminary" modal shunt admittances will not be purely imaginary, but j C’ emode-k
-

 instead.  Then normalize [T ] by multiplying each column with e .  With this normalizedj k j k/2
v

transformation matrix, the modal shunt admittances will become j C’ , or purely imaginary as inmode-k

the phase domain.

3. To obtain the approximate (real and constant) transformation matrix, discard the imaginary part of

the normalized matrix from step 2.

4. Use the approximate matrix [T ] from step 3 to find modal series impedances and modal shuntv-approx.

admittances from Eq. (4.84) and (4.85) over the frequency range of interest.  If [T ] is needed, usei

5. If the line model requires nonzero shunt conductances, add them as modal parameters.  Usually, only

conductances from phase to ground are used (with phase-to-phase values being zero); in that case,

the modal conductances are the same as the phase-to-ground conductances if the latter are equal for

all phases.

An interesting method for finding approximate (real and constant) transformation matrices has been suggested

by Paul [66].  By ignoring conductor resistances, and by assuming that the Carson correction terms R’  + j X’  in Eq.ii ii

(4.7) and R’  + j X’  in Eq. (4.8) are all equal (all elements in the matrix of correction terms have one and the sameik ik

value), the approximate transformation matrix [T ] is obtained as the eigenvectors of the matrix producti-approx.

with all elements of the second matrix being 1.  To find [T ], Eq. (4.96) would have to be used.  Wasley andv-approx.
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Selvavinayagamoorthy [93] find the approximate transformation matrices by simply taking the magnitudes of the

complex elements, with an appropriate sign reflecting the values of their arguments.  They compared results using these

approximate matrices with the exact results (using complex, frequency-dependent matrices), and report that fairly high

accuracy can be obtained if the approximate matrix is computed at a low frequency, even for the case of double-circuit

lines.

If the M-phase line is assumed to be balanced (Section 4.1.3.2), then the transformation matrix is always real

and constant, and known a priori with Eq. (4.58) and Eq. (4.59).  Two identical and balanced three-phase lines with zero

sequence coupling only have the real and constant transformation matrix of Eq. (4.65).

4.2 Line Models in the EMTP

The preceding Section 4.1 concentrated on the line parameters per unit length.  These are now used to develop

line models for liens of a specific length.

For steady-state solutions, lines can be modelled with reasonable accuracy as nominal -circuits, or rigorously

as equivalent -circuits.  For transient solutions, the methods become more complicated, as one proceeds from the simple

case of a single-phase lossless line with constant parameters to the more realistic case of a lossy polyphase line with

frequency-dependent parameters.

4.2.1 AC Steady-State Solutions

Lines can be represented rigorously in the steady-state solution with exact equivalent -circuits.  Less accurate

representations are sometimes used, however, to match the model to the one used in the transient simulation (e.g.,

lumping R in three places, rather than distributing it evenly along the line, or using approximate real transformation

matrices instead of exact complex matrices).  For lines of moderate "electrical" length (typically # 100 km at 60 Hz),

nominal -circuits are often accurate enough, and are probably the best models to use for steady-state solutions at power

frequency.  If the steady-state solution is followed by a transient simulation, or if steady-state solutions are requested

over a wide frequency range, then the nominal -circuit must either be replaced by a cascade connection of shorter

nominal -circuits, or by an exact equivalent -circuit derived from the distributed parameters.

4.2.1.1 Nominal M-Phase -Circuit

For the nominal M-phase -circuit of Fig. 3.10, the series impedance matrix and the two equal shunt

susceptance matrices are obtained from the per unit length matrices by simply multiplying them with the line length, as

shown in Eq. (4.35) and (4.36).  The equations for the coupled lumped elements of this M-phase -circuit have already

been discussed at length in Section 3, and shall not be repeated here.

Nominal -circuits are fairly accurate if the line is electrically short.  This is practically always the case if

complicated transposition schemes are studied at power frequency (60 Hz or 50 Hz).  Fig. 4.25 shows a typical example,

with three circuits on the same right-of-way.  In this case, each of the five transposition sections (1-2, 2-3, 3-4, 4-5, 5-6)

would be represented as a nominal 9-phase -circuit.  While a nominal -circuit would already be reasonably accurate
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for the total line length of 95 km, nominal -circuits are certainly accurate for each transposition section, since the

longest section is only 35 km long.  A comparison between measurements on the de-energized line L3 and computer

results is shown in table 4.7 [80].  The coupling in this case is predominantly capacitive.

Table 4.7 - Comparison between measurements and EMTP results (voltages on energized line L1 =
372 kV and on L2 = 535 kV)

phase measurement EMTP results

Induced voltages on de-energized line L3 if open at A 30 kV 27.5 kV
both ends B 15 kV 13.8 kV

C 10 kV 7.8 kV

Grounding currents if de-energized line L3 is A 11 A 10.5 A
grounded at right end B 5 A 3.2 A

C 1 A 1.5 A

Because nominal -circuits are so useful for studying complicated transposition schemes, a "CASCADED PI"

option was added to the BPA EMTP.  With this option, the entire cascade connection is converted to one single -

circuit, which is an exact equivalent for the cascade connection.  This is done by adding one "component" at a time, as

shown in Fig. 4.26.  The "component" may either be an M-phase -circuit, or other types of network elements such as
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shunt reactors or series capacitors.  Whenever component k is added, the nodal admittance matrix

for nodes 1, 2, 3 is reduced by eliminating the inner nodes 2, to form the new admittance matrix of the equivalent for

the cascaded components 1, 2, ... K.  This option keeps the computational effort in the steady-state solution as low as

possible by not having to use nodal equations for the inner nodes of the cascade connection, at the expense of extra

computational effort for the cascading procedure.

4.2.1.2 Equivalent -Circuit for Single-Phase Lines

Lines defined with distributed parameters at input time are always converted to equivalent -circuits for the

steady-state solution.

For lines with frequency-dependent parameters, the exact equivalent -circuit discussed in Section 1 is used,

with Eq. (1.14) and (1.15).  The same exact equivalent -circuit is used for distortionless and lossless line models with

constant parameters.

In many applications, line models with constant parameters are accurate enough.  For example, positive

sequence resistances and inductances are fairly constant up to approximately 1 kHz, as shown in Fig. 4.20.  But even

with constant parameters, the solution for transients becomes very complicated (except for the unrealistic assumption

of distortionless propagation).  Fortunately, experience showed that reasonable accuracy can be obtained if L’ and C’

are distributed and if

is lumped in a few places as long as R << Z .  In the EMTP, R/2 is lumped in the middle and R/4 at both ends of ansurge

otherwise lossless line, as shown in Fig. 4.27, and as further discussed in Section 4.2.2.5.  For this transient

representation, the EMTP uses the same assumption  in the15
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steady-state solution, to avoid any discrepancies between ac steady-state initialization and subsequent transient

simulation, even though experiments have shown that the differences are extremely small at power frequency.  By using

equivalent -circuits for each lossless, half-length section in Fig. 4.27, and by eliminating the "inner" nodes 1, 2, 3, 4,

an equivalent -circuit (Fig. 1.2) was obtained by R.M. Hasibar with

where

4.2.1.3 Equivalent M-Phase -Circuit

To obtain an equivalent M-phase -circuit, the phase quantities are first transformed to modal quantities with

Eq. (4.84) and (4.85) for untransposed lines, or with Eq. (4.58) and (4.59) for balanced lines.  For identical balanced

three-phase lines with zero sequence coupling only, Eq. (4.65) is used.  For each mode, an equivalent single-phase -

circuit is then found in the same way as for single-phase lines; that is, either as an exact equivalent -circuit with Eq.

(1.14) and (1.15), or with Eq. (4.98) and (4.99) for the case of lumping R in three places.  These single-phase modal

-circuits each has a series admittance Y  and two equal shunt admittances 1/2 Y .  By assembling theseseries-mode shunt-mode

admittances as diagonal matrices, the admittance matrices of the M-phase -circuit in phase quantities are obtained from

and
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While it is always possible to obtain the exact equivalent M-phase -circuit at any frequency in this way,

approximations are sometimes used to match the representation for the steady-state solution to the one used in the

transient solution.  One such approximation is the lumping of resistances as shown in Fig. 4.27.  Another approximation

is the use of real and constant transformation matrices in Eq. (4.100) and (4.101), as discussed in Section 4.1.5.3.

4.2.2 Transient Solutions

Historically, the first line models in the EMTP were cascade connections of -circuits, partly to prove that

computers could match switching surge study results obtained on transient network analyzers (TNA’s) at that time.  On

TNA’s, balanced three-phase lines are usually represented with decoupled 4-conductor -circuits, as shown in Fig. 4.28.

This representation can easily be derived from Eq. (4.44) by rewriting it as

for phase A, and similar for phases B and C.  The first term in Eq. (4.102) is Z’ I  (or branch A1-A2 in Fig. 4.28),pos A

while the second term is the common voltage drop caused by the earth and ground wire return current I  + I  + IA B C

(branch N1-N2 in Fig. 4.28).  Note, however, that Fig. 4.28 is only valid if the sum of the currents flowing out through

a line returns through the earth and ground wires of that same line.  For that reason, the neutral nodes N2, N3, ... must

be kept floating, and only N1 at the sending end is grounded.  Voltages with respect to ground at location i are obtained

by measuring between the phase and node N .  In meshed networks with different R/X-ratios, this assumption is probablyi

not true.  For this reason, and to be able to handle balanced as well as untransposed lines with any number of phases,

M-phase -circuits were modelled directly with M x M matrices, as discussed in Section 4.1.2.4.  Voltages to ground

are then simply the node voltages.  Comparisons between these M-phase -circuits, and with the four-conductor -

circuits of Fig. 4.28 confirmed that the results are identical.
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The need for travelling wave solutions first arose in connection with rather simple lightning arrester studies,

where lossless single-phase line models seemed to be adequate.  Section 1 briefly discusses the solution method used

in the EMTP for such lines.  This method was already known in the 1920’s and 1930’s and strongly advocated by

Bergeron [81]; it is therefore often called Bergeron’s method.  In the mathematical literature, it is known as the method

of characteristics, supposedly first described by Riemann.

It soon became apparent that travelling wave solutions were much faster and better suited for computers than

cascaded -circuits.  To make the travelling wave solutions useful for switching surge studies, two changes were needed

from the simple single-phase lossless line: First, losses had to be included, which could be done with reasonable

accuracy by simply lumping R in three places.  Secondly, the method had to be extended to M-phase lines, which was

achieved by transforming phase quantities to modal quantities.  Originally, this was limited to balanced lines with built-

in transformation matrices, then extended to double-circuit lines, and finally generalized to untransposed lines.  Fig. 4.29

compared EMTP results with results obtained on TNA’s, using the built-in transformation matrix for balanced three-

phase lines and simply lumping R in three places.

Fig. 4.29 - Energization of a three phase line.  Computer simulation results (dotted line) superimposed on 8 transient
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network analyzer results for receiving end voltage in phase B.  Breaker contacts close at 3.05 ms in phase A, 8,05 ms

in phase B, and 5.55 ms in phase C (t=0 when source voltage of phase A goes through zero from negative to positive)

[82].  Reprinted by permission of CIGRE

While travelling wave solutions with constant distributed L’, C’ and constant lumped R produced reasonable

accurate answers in many cases, as shown in Fig. 4.29, there were also cases where the frequency dependence,

especially of the zero sequence impedance, could not be ignored.  Choosing constant line parameters at the dominant

resonance frequency sometimes improved the results.  Eventually, frequency-dependent line models were developed

by Budner [83], by Meyer and Dommel [84] based on work of Snelson [85], by Semlyen [86], and by Ametani [87].

A careful re-evaluation of frequency-dependence by J. Marti [88] led to a fairly reliable solution method, which seems

to become the preferred option as these notes are being written.  J. Marti’s method will therefore be discussed in more

detail.

4.2.2.1 Nominal -Circuits

Nominal -circuits are generally not the best choice for transient solutions, because travelling wave solutions

are faster and usually more accurate.  Cascade connections of nominal -circuits may be useful for untransposed lines,

however, because one does not have to make the approximations for the transformation matrix discussed in Section

4.1.5.3.  On the other hand, one cannot represent frequency-dependent line parameters and one has to accept the

spurious oscillations caused by the lumpiness.  Fig. 4.30 shows these oscillations for the simple case of a single-phase

line being represented with 8 and 32 cascaded nominal -circuits.  The exact solution with distributed parameters is

shown for comparison purposes as well.  The proper choice of the number of -circuits for one line is discussed in [89],

as well as techniques for damping the spurious oscillations with damping resistances in parallel with the series R-L

branches of the -circuit of Fig. 4.28.
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Fig. 4.30 - Voltage at receiving end of a single phase line if a dc voltage of 10 V is connected to the sending end at t=0
(line data: R=0.0376 /mile, L=1.52 mH/mile, C=14.3 nF/mile, length-320 miles; receiving end terminated with shunt
inductance of 100 mH)

The solution methods for nominal -circuits have already been discussed in Section 3.4.  With M-phase

nominal -circuits, untransposed lines (or sections of a line) are as simple to represent as balanced lines.  In the former

case, one simply uses the matrices of the untransposed line, whereas in the latter case one would use matrices with

averaged equal diagonal and averaged equal off-diagonal elements.

4.2.2.2 Single-Phase Lossless Line with Constant L’ and C’

The solution method for the single-phase case has already been explained in Section 1.  The storage scheme

for the history terms is the same as the one discussed in the next Section 4.2.2.3 for M-phase lossless lines, except that

each single-phase line occupies only one section in the table, rather than M section for M modes.  Similarly, the

initialization of the history terms for cases starting from linear ac steady-state initial conditions is the same as in Eq.

(4.108).
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The solution is exact as long as the travel time  is an integer multiple of the step size t.  If this is not the case,

then linear interpolation is used in the EMTP, as indicated in Fig. 4.31.  Linear interpolation is believed to be a

reasonable approximation for most cases, since the curves are usually smooth rather than discontinuous.  If

discontinuities or very sharp peaks do exist, then rounding  to the nearest integer multiple of t may be more sensible

than interpolation, however.  There is no option for this rounding procedure in the EMTP, but the user can easily

accomplish this through changes in the input data.  Fig. 4.32 compares results for the case of Fig. 4.30 with sharp peaks

with and without linear interpolation.  The line was actually not lossless in this case, but the losses were represented

in a simple way by subdividing the line into 64 lossless sections and lumping resistances in between and at both ends.

The interpolation errors are more severe if lines are split up into many sections, as was done here.  If the line were only

split up into two lossless sections, with R lumped in between and at both ends, then the errors in the peaks would be

less  (the first peak would be 18.8,  and the second peak would be  -15.4).

The accumulation of interpolation errors on a line broken up into many sections, with  of each section not

being an integer multiple of t, can easily be explained.  Assume that a triangular pulse is switched onto a long, lossless

line, which is long enough so that no reflections come back from the remote end during the time span of the study (Fig.

4.33).  Let us look at how this pulse becomes distorted through interpolation as it travels down the line if

(a) the line is broken up into short sections of travel time 1.5 t each, and

(b) the line from the sending end to the measuring point is represented as one section (  = k @ 1.5 t, with k = 1,

2, 3,...).

At any point on the line, the current will be

and between points 1 and 2 separated by  (Fig. 4.33),

This last equation was used in Fig. 4.34, together with linear interpolation, to find the shape of the pulse as it travels
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down the line.  The pulse loses its amplitude and becomes wider and wider if it is broken up into sections of travel time

1.5 t each.  On the other hand, the pulse shape never becomes as badly distorted if the line is represented as one single

section.

What are the practical consequences of this interpolation error?  Table 4.8 compares peak overvoltages from

a BPA switching surge study on a 1200 kV three-phase line , 133 miles long.  Each section was split up into two16

lossless half-sections, with R lumped in the middle and

Table 4.8 - Interpolation errors in switching surge study with t = 50 µs

Run Line model
Peak overvoltages (MV)

phase A phase B phase C

1 single section 1.311 1.191 1.496

2 7 sections 1.276 1.136 1.457

3 single section with 1.342 1.167 1.489
rounded

at both ends, as explained in Section 4.2.2.4.  Run no. 1 shows the results of the normal line representation as one

section.  Run no. 2 with subdivision into 7 sections produces differences of 2.6 to 4.7%.  In run no. 3 the zero and

positive sequence travel times  = 664.93 µs and  = 445.74 µs were rounded to 650 and 450 µs, respectively, to make0 1

them integer multiples of t = 50 µs.  These changes could be interpreted as a decrease in both L'  and C'  of 2.25%,0 0

and as an increase in both L'  and C'  of 0.96%, with the surge impedances remaining unchanged.  Since line parameters1 1

are probably no more accurate than ±5% at best anyhow, these implied changes are quite acceptable.  With rounding,

a slightly modified case is then solved without interpolation errors.  Whether an option for rounding  to the nearest

integer multiple of t should be added to the EMTP is debatable.  In general, rounding may imply much larger changes

in L', C' than in this case, and if implemented, warning messages with the magnitude of these implied changes should

be added as well.  In Table 4.8, runs no. 3 to 1 differ by no more than 2.3%, and the interpolation error is therefore

acceptable if the line is represented as one section.  Breaking the line up into very many sections may produce

unacceptable interpolation errors, however.

If the user is interested in a "voltage profile" along the line, then a better alternative to subdivisions into

sections would be a post-processor "profile program" which would calculate 
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voltages and currents at intermediate points along the line from the results at both ends of the line.  Such a program is

easy to write for lossless and distortionless lines.  Luis Marti developed such a profile algorithm for the more

complicated frequency-dependent line models, which he merged into the time step loop of the EMTP [90].  This was

used to produce moves of travelling waves by displaying the voltage profile at numerous points along the line at time

intervals of t.

Fig. 4.34(a) suggests a digital filtering effect from the interpolation which is similar to that of the trapezoidal

rule described in Section 2.2.1.  To explain this effect, Eq. (1.6) must first be transformed from the time domain

into the frequency domain,

For simplicity, let us assume that voltage and current phasors V  and I  at node m are known, and that we want to findm mk

I = V /Z - I  at node k.  Without interpolation errors, Eq. (4.103) provides the answer.  If interpolation is used, and ifk km

for the sake of simplicity we assume that the interpolated value lies in the middle of an interval t, then Eq. (4.103)

becomes

Therefore, the ratio of the interpolated to the exact value becomes

which is indeed somewhat similar to Fig. 2.10 for the error produced by the trapezoidal rule.

Single-phase lossless line models can obviously only approximate the complicated phenomena on real lines.

Nonetheless, they are useful in a number of applications, for example

(a) in simple studies where one wants to gain insight into the basic phenomena,

(b) in lightning surge studies, and

(c) as a basis for more sophisticated models discussed later.

For lightning surge studies, single-phase lossless line models have been used for a long time.  They are

probably accurate enough in many cases because of the following reasons:

(1) Only the phase being struck by lightning must be analyzed, because the voltages induced in the other

phases will be much lower.

(2) Assumptions about the lightning stroke are by necessity very crude, and very refined line models are

therefore not warranted.
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(3) The risk of insulation failure in substations is highest for backflashovers at a distance of approx. 2

km or less.  Insulation co-ordination studies are therefore usually made for nearby strokes.  In that

case, the modal waves of an M-phase line "stay together," because differences in wave velocity and

distortion among the M waves are still small over such short distances.  They can then easily be

combined into one resultant wave on the struck phase.  There seems to be some uncertainty, however,

about the value of the surge impedance which should be used in such simplified single-phase

representations.  It appears that the "self surge impedance" Z  of Eq. (4.87a) should be used.  Forii-surge

nearby strokes it is also permissible to ignore the series resistance.  Attenuation caused by corona may

be more important than that caused by conductor losses.  At the time of writing these notes, corona

is still difficult to model, and it may therefore be best to ignore losses altogether to be on the safe side.

4.2.2.3 M-Phase Lossless Line with Constant L’ and C’

Additional explanations are needed for extending the method of Section 1 from single-phase lines to M-phase

lines.  In principle, the equations are first written down in the modal domain, where the coupled M-phase line appears

as if it consisted of M single-phase lines.  Since the solution for single-phase lines is already known, this is

straightforward.  For solving the line equations together with the rest of the network, which is always defined in phase

quantities, these modal equations must then be transformed to phase quantities, as schematically indicated in Fig. 4.35.

For simplicity, let us assume that the line has 3 phases.  Then, with the notations from Fig. 4.35, each mode

is described by an equation of the form of Eq. (1.6), or
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where each history term hist was computed and stored earlier.  For mode a, this history term would be

and analogous for modes b and c.  These history terms are calculated for both ends of the line as soon as the solution

has been obtained at instant t, and entered into a table for use at a later time step.  As indicated in Fig. 4.36, the history

terms of a three-phase line would occupy 3 sections of the history tables for modes a, b, c, and the length of each section

would be / t, with  being the travel time of the particular mode increased to the nearest integer multipleincreased increased

of t .  Since the modal travel times , ,  differ from each other, the 3 sections in this table are generally of different17
a b c

length.  This is also the reason for storing history terms as modal values, because one has to go back different travel

times for each mode in picking up history terms.  For the solution at time t, the history terms of Eq. (4.106) are obtained

by using linear interpolation on the top two entries of each mode section.
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After the

solution in each time step, the entries in the tables of Fig. 4.36 must be shifted upwards by one location, thereby

throwing away the values at the oldest point at t- .  This is then followed by entering the newly calculated historyincreased

terms hist(t) at the newest point t.  Instead of physically shifting values, the EMTP moves the pointer for the starting

address of each section down by 1 location.  When this pointer reaches the end of the table, it then goes back again to

the beginning of the table ("wrap-around table") [91].

The initial values for the history terms must be known for t = 0, - t, -2 t, ... - .  The necessity forincreased

knowing them beyond t = 0 comes from the fact that only terminal conditions are recorded.  If the conditions were also

given along the line at travel time increments of t, then the initial values at t = 0 would suffice.  For zero initial

conditions, the history table is simply preset to zero.  For linear ac steady-state conditions (at one frequency ), the

history terms are first computed as phasors (peak, not rms),
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where V  and I  are the voltage and current phasors at line end m (analogous for HIST ).  With HIST = *HIST* · e ,m mk mk
j

the instantaneous history terms are then

(4.108b)

Eq. (4.108) is used for single-phase lines as well as for M-phase lines, except that mode rather than phase quantities

must be used in the latter case.

Eq. (4.106) are interfaced with the rest of the network by transforming them from modal to phase quantities

with Eq. (4.78a),

with the surge admittance matrix in phase quantities,

and the history terms in phase quantities,

For a lossless line with constant L' and C', the transformation matrix [T ] will always be real, as explained in the lasti

paragraph of Section 4.1.5.2.  It is found as the eigenvector matrix of the product [C'][L'] for each particular tower

configuration, where [L'] and [C'] are the per unit length series inductance and shunt capacitance matrices of the line.

For balanced lines, [T ] is known a priori from Eq. (4.58), and for identical balanced three-phase lines with zeroi

sequence coupling only it is known a priori from Eq. (4.65).

The inclusion of Eq. (4.109) into the system of nodal equations (1.8a) for the entire network is quite

straightforward.  Assume that for the example of Fig. 4.35, rows and columns for nodes 1A, 1B, 1C follow each other,

as do those for nodes 2A, 2B, 2C (Fig. 4.37).  Then the 3 x 3 matrix [Y ] enters into two 3 x 3 blocks on the diagonal,surge

as indicated in Fig. 4.37, while the history terms [hist ] = [hist , hist , hist ] of Eq. (4.109c) enter into rows1-2 1A-2A 1B-2B 1C-2C
phase

1A, 1B, 1C, on the right-hand side with negative signs.  Analogous history terms for terminal 2 enter into rows 2A, 2B,
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2C on the right-hand side.  While [Y ] is entered into [G] only once outside the time-step loop, the history terms mustsurge

be added to the right-hand side in each time step.

M-phase lossless line models are useful, among other things, for

(a) simple studies where one wants to investigate basic phenomena,

(b) in lightning surge studies, where single-phase models are no longer adequate, and

(c) as a basis for more sophisticated models discussed later.

Lightning surge studies cannot always be done with single-phase models.  For simulating backflashovers on

lines with ground wires, for example, the ground wire and at least the struck phase must be modelled ("2-phase line").

Since it is not always known which phase will be struck by the backflashover, it is probably best to model all three

phases in such a situation ("4-phase line").  An example for such a study is discussed in Section 4.1.5.2, with 4-phase

lossless line models representing the distribution line, and single-phase lossless line models representing the towers.

Not included in the data listing are switches (or some other elements) for the simulation of potential flashovers from

the tower top (nodes D) to phases A, B, C.

4.2.2.4 Single and M-Phase Distortionless Lines with Constant Parameters

Distortionless line models are seldom used, because wave propagation on power transmission lines is far from

distortionless.  They have been implemented in the EMTP, nonetheless, simply because it takes only a minor

modification to change the lossless line equation into the distortionless line equation.
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A single-phase transmission line, or a mode of an M-phase line, is distortionless if

Losses are incurred in the series resistance R’ as well as in the shunt conductance G’.  The real shunt conductance of

an overhead line is very small (close to zero), however.  If its value must be artificially increased to make the line

distortionless, with a resulting increase in shunt losses, then it is best to compensate for that by reducing the series

resistance losses.  The EMTP does this automatically by regarding the input value R’  as an indicator for the totalINPUT

losses, and uses only half of it for R’,

With this formula, the ac steady-state results are practically identical for the line being modelled as distortionless or with

R lumped in 3 places; the transient response differs mainly in the initial rate of rise.  From Eq. (4.111), the attenuation

constant  becomes

The factor 1/2 can also be justified by using an approximate expression for the attenuation constant for lines with low

attenuation and low distortion [48, p. 257],

which is reasonably accurate if R’ << L’ and G’ << C’.  This condition is fulfilled on overhead lines, except at very

low frequencies.  Eq. (4.112) is then obtained by dropping the term with G’  and by ignoring the fact that the wavesINPUT

are not only attenuated but distorted as well.

If a user wants to represent a truly distortionless line where G’ is indeed nonzero, then the factor 1/2 should

of course not be used.  The factor 1/2 is built into the EMTP, however, and the user must therefore specify R’  twiceINPUT

as large as the true series resistance in this case.

With  known, an attenuation factor e  is calculated (ý = length of line).  The lossless line of Eq. (1.6) is then- ý

changed into a distortionless line by simply multiplying the history term of Eq. (1.6b) with this attenuation factor,

The surge impedance remains the same, namely %L’/C’.

For M-phase lines, any of the M modes can be specified as distortionless.  Mixing is allowed (e.g., mode 1

could be modelled with lumped resistances, and modes 2 and 3 as distortionless).
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Better results are usually obtained with the lumped resistance model described next, even though lumping of

resistances in a few places is obviously an approximation, whereas the distortionless line is solved exactly if the travel

time is an integer multiple of t.

4.2.2.5 Single and M-Phase Lines with Lumped Resistances

Experience has shown that a lossy line with series resistance R’ and negligible shunt conductance can be

modelled with reasonable accuracy as one or more sections of lossless lines with lumped resistances in between.  The

simplest such approach is one lossless line with two lumped resistances R/2 at both ends.  The equation for this model

is easily derived from the cascade connection of R/2 - lossless line - R/2, and leads to a form which is identical with that

of Eq. (1.6),

except that the values for the surge impedance and history terms are slightly modified.  With Z, R and  calculated from

Eq. (4.99),

and

This model with R/2 at both ends is not used in the EMTP.  Instead, the EMTP goes one step further and lumps

resistances in 3 places, namely R/4 at both ends and R/2 in the middle, as shown in Fig. 4.27.  This approach was taken

because the form of the equation still remains the same as in Eq. (4.115), except that

now.  The history term becomes more complicated , and contains conditions from both ends of the line at t - ,18
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Users who want to lump resistances in more than 3 places can do so with the built-in three-resistance model,

by simply subdividing the line into shorter segments in the input data.  For example, 32 segments would produce lumped

resistances in 65 places.  Interestingly enough, the results do not change much if the number of lumped resistances is

increased as long as R << Z.  For example, results in Fig. 4.30 for the distributed-parameter case were practically

identical for lumped resistances in 3, 65, or 301 places.  Fig. 4.29 shows as well that TNA results are closely matched

with R lumped in 3 places only.

One word of caution is in order, however.  The lumped resistance model gives reasonable answers only if R/4

<< Z, and should therefore not be used if the resistance is high.  High resistances do appear in lightning surge studies

if the parameters are calculated at a high frequency, e.g., at 400 kHz in Table 4.5, where R’ = 597.4 /km in the zero

sequence mode.  Lumping R in 3 places would still be reasonable in the case discussed there where each tower span of

90 m is modelled as one line, since 13.4  is still reasonably small compared with Z = 1028 .  If it were used to model

a longer line, say 90 km, then R/4 = 13,400 , which would produce totally erroneous results .  In such a situation it19

might be best to ignore R altogether, or to use the frequency-dependent option if higher accuracy is required.

For M-phase lines, any of the M modes can be specified with lumped resistances.  Mixing is allowed (e.g.,

mode 1 could be modelled with lumped resistances, and modes 2, ... M as distortionless).  The lumped resistances do

not appear explicitly as branches, but are built into Eq. (4.115) (4.116) and (4.117) for each mode.  Should a user want

to add them explicitly as branches, e.g., for testing purposes, then they would have to be specified as M x M - matrices

[R] in phase quantities, which could easily be done with the M-phase nominal -circuit input option by setting    L =

0 and C = 0.  All modes would have to use the lumped resistance model in this set-up, that is, mixing of models would

not be allowed in it.

4.2.2.6 Single and M-Phase Lines with Frequency-Dependent Parameters

The two important parameters for wave propagation are the characteristic impedance

and the propagation constant

Both parameters are functions of frequency, even for constant distributed parameters R’, L’, G’, C’ (except for lossless

and distortionless lines).  The line model with frequency-dependent parameters can handle this case of constant



8
M

+
MO

'

EQUJ
(ý� <
E
UKPJ
(ý�

�
<
UKPJ
(ý� EQUJ
(ý�

8
O

&+
OM

8
M
& <

E
+
MO

' 
8
O
% <

E
+
OM
� @ G &(ý

+
MO

' 8
M
�<

E
& 
8

O
�<

E
% +

OM
� @ G &(ý

<
E
'

. )

% )

� ( ' LT . )% ) � CPF G &(ý . G &LTJ

����� 6JKU�ECUG�FKHHGTU�HTQO�VJG�NKPG�YKVJ�NWORGF�TGUKUVCPEGU�KPCUOWEJ�CU�VJG�TGUKUVCPEG�DGEQOGU�VTWN[�FKUVTKDWVGF��

PQY�

����


������


�����C�


�����D�

distributed parameters , even though it has primarily been developed for frequency-dependent series impedance20

parameters R’( ) and L’( ).  This frequency-dependence of the resistance and inductance is most pronounced in the zero

sequence mode, as seen in Fig. 4.20.  Frequency-dependent line models are therefore important for types of transients

which contain appreciable zero sequence voltages and currents.  One such type is the single line-to-ground fault.

To develop a line model with frequency-dependent parameters which fits nicely into the EMTP, it is best to

use an approach which retains the basic idea behind Bergeron’s method.  Let us therefore look at what the expression

v + Zi used by Bergeron looks like now, as one travels down the line.  Since the parameters are given as functions of

frequency, this expression must first be derived in the frequency domain.  At any frequency, the exact ac steady-state

solution is described by the equivalent -circuit of Eq. (1.13), or in an input-output relationship form more convenient

here,

which can be found in any textbook on transmission lines.  Assume that we want to travel with the wave from node m

to node k.  Then the expression V + Z I is obtained by subtracting Z  times the second row from the first row in Eq.c c

(4.120),

or rewritten as

with a negative sign on I  since its direction is opposite to the travel direction.  Eq. (4.121) is very similar to Bergeron’skm

method; the expression V + Z I encountered when leaving node m, after having been multiplied with a propagationc

factor e , the same when arriving at node k.  This is very similar to Bergeron’s equation for the distortionless line,- ý

except that the factor is e  there, and that Eq. (4.121) is in the frequency domain here rather than in the time domain.- ý

Before proceeding further, it may be worthwhile to look at the relationship between the equations in the

frequency and time domain for the simple case of a lossless line.  In that case,

Anybody familiar with Fourier transformation methods for transforming an equation from the frequency into the time

domain will recall that a phase sift of e  in the frequency domain will become a time delay  in the time domain.-j

Furthermore, Z  is now just a constant (independent of frequency), and Eq. (4.121) therefore transforms to c
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which is indeed Bergeron’s equation (1.6).

For the general lossy case, the propagation factor

with  =  + j , contains an attenuation factor e  as well as a phase shift e , which are both functions of frequency.- ý -j ý

To explain its physical meaning, let us connect a voltage source V  to the sending end m through a source impedancesource

which is equal to Z ( ), to avoid reflections in m (Fig. 4.38).  In that case, V  + Z I  = V .  Furthermore, let usc m c mk source

assume that the receiving end k is open.  Then from Eq. (4.121),

that is, the propagation factor is the ratio (receiving end voltage) / (source voltage) of an open-ended line if the line is

fed through a matching impedance Z ( ) to avoid reflections at the sending end .  If V  = 1.0 at all frequencies fromc source
21

dc to infinity, then its time domain transform v (t) would be a unit impulse (infinitely high spike which is infinitelysource

narrow with an area of 1.0), and the integral of v (t) would be a unit step.  Setting V  = 1.0 in Eq. (4.122) showssource source

that A( ) transformed to the time domain must be the impulse which arrives at the other end k, if the source is a unit

impulse.  This response to the unit impulse,

will be attenuated (no longer infinitely high), and distorted (no longer infinitely narrow).  Fig. 4.39 shows these

responses for a typical 500 kV line of 100 miles length.  They were obtained
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scale as (a) expanded scale

Fig. 4.39 - Receiving end response v (t) = a(t) for the network of Fig. 4.38 if v (t) = unit impulse [94].  Reprintedk source

by permission of J. Marti

from the inverse Fourier transformation of A( ) = exp(- ý) calculated by the LINE CONSTANTS supporting routine

at a sufficient number of points in the frequency domain.  The amplitude of the propagation factors A( ) for the case

of Fig. 4.39 is shown in Fig. 4.40.

The unit impulse response of a lossless line would be a unit impulse at t =  with an area of 1.0.  In Bergeron’s

method, this implies picking up the history term v /Z + i  at t -  with a weight of 1.0.  In the more general case here,m mk

history terms must now be picked up at more than one point, and weighted with the "weighting function" a(t).  For the

example of Fig. 4.39(a),
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history terms must be picked up starting at  = 0.6 ms back in time, to approx.  = 2.0 ms back in time.  The valuemin max

 is the travel time of the fastest waves, while  is the travel time of the slowest waves.  Each terms has its ownmin max

weight, with the highest weight of approx. 5400 around  = 0.7 ms back in time.  Mathematically, this weighting of

history at the other end of the line is done with the convolution integral

which can either be evaluated point by point, or more efficiently with recursive convolution as discussed later.  The

expression i  in Eq. (4.124) is the sum of the line current i  and of a current which would flow through them-total mk

characteristic impedance if the voltage v  were applied to it (expression I  + V /Z  in the frequency domain).m mk m c

With propagation of the conditions from m to k being taken care of through Eq. (4.124), the only unresolved

issue is the representation of the term V /Z  in Eq. (4.121b).  For the same 500 kV line used in Fig. 4.39, the magnitudek c

and angle of the characteristic impedance Z  are shown in Fig. 4.41.  If the shunt conductance per unit length G’ werec

ignored, as is usually done, Z  would become infinite at  = 0.  This complicates the mathematics somewhat, and sincec

G’ is not completely zero anyhow, it was therefore decided to use a nonzero value, with a default option of 0.03 µs/km.

As originally suggested by E. Groschupf [96] and further developed by J. Marti [94], such a frequency-dependent

impedance can be approximated with a Foster-I R-C 
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network.  Then the line seen from node k becomes a simple R-C network in parallel with a current source histpropagation

(Fig. 4.42(a)).  One can then apply the trapezoidal rule of integration to the capacitances, or use any other method of

implicit integration.  This transforms each R-C block into a current source in parallel with an equivalent resistance.

Summing these for all R-C blocks produces one voltage source in series with one equivalent resistance, or one current

source in parallel with one equivalent resistance (Fig. 4.42(b)).  In the solution of the entire network with Eq. (1.8), the

frequency-dependent line is then simply represented again as a constant resistance R  to ground, in parallel with aequiv

current source hist  + hist , which has exactly the same form as the equivalent circuit for the lossless line.RC propagation

To represent the line in the form of Fig. 4.42 in the EMTP, it is necessary to convert the line parameters into

a weighting function a(t) and into an R-C network which approximates the characteristic impedance.  To do this, Z  andc

 are first calculated with the support routine LINE CONSTANTS, from dc to such a high frequency where both A( )

= exp(- ý) becomes negligibly small and Z ( ) becomes practically constant.  J. Marti [94] has shown that it is best toc

approximate A( ) and Z ( ) by rational functions directly in the frequency domain.  The weighting function a(t) canc

then be written down explicitly as a sum of exponentials, without any need for numerical inverse Fourier transformation.

Similarly, the rational function approximation of Z ( ) produces directly the values of R and C in the R-C network inc

Fig. 4.42.
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The rational function which approximates A( ) has the form

with s = j  and n < m.  The subscript "approx" indicates that Eq. (4.125) is strictly speaking only an approximation to

the given function A( ), even though the approximation is very good.  The factor e  is included to take care of the-j min

fact that a(t) in Fig. 4.39 is zero up to t = ; this avoids fitting exponentials through the portion 0 # t #  where themin min

values are zero anyhow (remember that a time shift -  in the time domain is a phase shift e  in the frequency domain).-j

All poles p  and zeros z  in Eq. (4.125) are negative, real and simple (multiplicity one).  With    n < m, the rationali i

function part of Eq. (4.125) can be expanded into partial fractions,

The corresponding time-domain form of Eq. (4.15) then becomes

This weighting function a (t) is used to calculate the history term hist  of Eq. (4.124) in each time step.approx propagation

Because of its form as a sum of exponentials, the integral can be found with recursive convolution much more efficiently



U
K

V� ' m

4

J
OKP

K
V&W�M
K
G &R

K

V & J

OKP
� FW

U
K

V� ' E

�
@ U

K

V&)V� % E

�
@ K
V&J

OKP
� % E

�
@ K
V&J

OKP
&)V�

<
E&CRRTQZ


U� ' M

U%\

�
�
U%\

�
����
U%\

P
�


U%R
�
�
U%R

�
����
U%R

P
�

<
E&CRRTQZ


U� ' M
�
%

M
�

U%R
�

%
M
�

U%R
�

���
M
P

U%R
P

4
�
' M

�

4
K
'

M
K

R
K

� %
K
'
�
M
K

� K'�����P

K '
X
K

4
K

% %
K

FX
K

FV

X
K

V� ' G &"

K
)V @ X

K

V&)V� % �

%
K
m

V

V&)V
G &"

K

V&W� K
W�FW

����� 6JKU�OGVJQF�KU�KFGPVKECN�VQ�VJG�TGEWTUKXG�EQPXQNWVKQP�QH�#RRGPFKZ�8�CRRNKGF�VQ�'S��
���������9JGVJGT��

TGEWTUKXG�EQPXQNWVKQP�KU�DGVVGT�VJCP�VJG�VTCRG\QKFCN�TWNG�KU�UVKNN�WPENGCT�

����


������


������


������


������


������


������

than with a point-by-point integration.  If we look at the contribution of one exponential term k e ,i
-pi(t- min)

then s (t) can be directly obtained from the value s (t - t) known from the preceding time step, with only 3i i

multiplications and 3 additions,

as explained in Appendix V, with c , c , c  being constants which depend on the particular type of interpolation used1 2 3

for i.

The characteristic impedance Z ( ) is approximated by a rational function of the form [94]c

with s = j .  All poles and zeros are again real, negative and simple, but the number of poles is equal to the number of

zeros now.  This can be expressed as

which corresponds to the R-C network of Fig. 4.42, with

Rather than applying the trapezoidal rule to the capacitances in Fig. 4.42, J. Marti chose to use implicit integration with

Eq. (I.3) of Appendix I , with linear interpolation on i.  For each R-c block22

which has the exact solution
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with  = 1/(R C ).  By using linear interpolation on i, the solution takes the form ofi i i

with e (t - t) being known values of the preceding time step (formula omitted for simplicity), or after summing up overi

all R-C blocks and R ,0

with

which can be rewritten as

The equivalent resistance R  enters into matrix [G] of Eq. (1.8), whereas the sum of the history terms hist  +equiv RC

hist  enters into the right hand side.propagation

The key to the success of this approach is the quality of the rational function approximations for A( ) and

Z ( ).  J. Marti uses Bode’s procedure for approximating the magnitudes of the functions.  Since the rational functionsc

have no zeros in the right-hand side of the complex plane, the corresponding phase functions are uniquely determined

from the magnitude functions (the rational functions are minimum phase-shift approximations in this case) [94].  To

illustrate Bode’s procedure, assume that the magnitude of the characteristic impedance in decibels is plotted as a function

of the logarithm of the frequency, as shown in Fig. 4.43 [94].  The basic principle is to approximate the given curve by

straight-line segments which are either horizontal or have a slope which is a multiple of 20 decibels/decade.  The points

where the slopes change define the poles and zeros of the rational function.  By taking the logarithm on both sides of

Eq. (4.130), and multiplying by 20 to follow the convention of working with decibels, we obtain

For s = j , each one of the terms in this expression has a straight-line asymptotic behavior with respect to .  For

instance, 20 log *j  + z * becomes 20 log z  for  << z , which is constant, and 20 log  for  >> z , which is a straight1 1 1 i

line with a slope of 20 db/decade.  The approximation to Eq. (4.137) is constructed step by step: Each time a zero corner

(at  = z ) is added, the slope of the asymptotic curve is increased by 20 db, or decreased by 20 db each time a polei

corner (at  = p ) is added.  The straight-line segments in Fig. 4.43 are only asymptotic traces; the actual functioni

becomes a smooth curve without sharp corners.  Since the entire curve is traced from dc to the
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Fig. 4.43 - Asymptotic approximation of the magnitude of Z (ω) [94].c

                                              Reprinted by permission of J. Marti

highest frequency at which the approximated function becomes practically constant, the entire frequency range is

approximated quite closely, with the number of poles and zeros not determined a priori.  J. Marti improves the accuracy

further by shifting the location of the poles and zeros about their first positions.  Fig. 4.44 shows the magnitude and

phase errors of the approximation of A( ), and Fig. 4.45 shows the errors for the approximation of Z ( ) for the linec

used in Fig. 4.39.

L. Marti has recently shown [95] that very good results can be obtained by using lower-order approximations

with typically 5 poles and zeros rather than the 15 poles and zeros used in Fig. 4.44 and 4.45.  Furthermore, he shows

that positive and zero sequence parameters at power frequency (50 or 60 Hz) can be used to infer what the tower

geometry of the line was, and use this geometry in turn to generate frequency-dependent parameters.  With this

approach, simple input data (60 Hz parameters) can be used to generate a frequency-dependent line model internally

which is fairly accurate.
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(a) zero sequence mode (b) positive sequence mode
(15 zeros and 20 poles) (13 zeros and 17 poles)

Fig. 4.44 - Errors in approximation of A( ) for line of Fig. 4.39 [94].  Reprinted by permission of J.
Marti

For M-phase lines, any of the M modes can be specified as frequency-dependent, or with lumped resistances,

or as distortionless.  Mixing is allowed.  A word of caution is in order here, however: At the time of writing these notes,

the frequency-dependent line model works only reliably for balanced lines.  For untransposed lines, approximate real

and constant transformation matrices must be used, as explained in Section 4.1.5.3, which seems to produce reasonably
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(a) zero sequence mode (b) positive sequence mode
(15 zeros and poles) (16 zeros and poles)

Fig. 4.45 - Errors in approximation of Z ( ) for line for Fig. 4.39 [94].  Reprinted by permission ofc

J. Marti

accurate results for single-circuit lines, but not for double-circuit lines.  Research by L. Marti into frequency-dependent

transformation matrices in connection with models for underground cables will hopefully improve this unsatisfactory

state of affairs.
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Fig. 4.46 - Comparison between voltages at phase b for [94]:
(a) Field test oscillograph
(b) BPA’s frequency-dependence simulation
(c) New model simulation
Reprinted by permission of J. Marti

Field test results for a single-line-to-ground fault from Bonneville Power Administration have been sued by

various authors to demonstrate the accuracy of frequency-dependent line models [84].  Fig. 4.46 compares the field test

results with simulation results from an older method which used two weighting functions a  and a  [84], and from the1 2

newer method described here.  The peak overvoltage in the field test was 1.60 p.u., compared with 1.77 p.u. in the older

method and 1.71 p.u. in the newer method.  Constant 60 Hz parameters would have produced an answer of 2.11 p.u.


