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��nVlm¨Va9lmgjw{npldc�q���s�i�npgvnVeh���dct¨Va¦i�cflm³Ïc½gvgve©c�sugjw¬¨�a|b�evnpb�a9ehgvwra7�>�v ¥sj� cf����w{zV�Ïa9o¾�
´ds7w{a9l¥su³�cfl¥�Úq{w{l�a�c�e@gjnpej¶m �au�ª�vb�a9at��s©�¥c�e©c�sugva9evw{�hgjwrs7�t¤��$��aÂs7nVl�gjevnpq$npo���s>iknpgvnVeh�
w{�«c�q{�vn��vw{i�b�q{a�cfl¥�)��n�a9�1l�n�g=eva9¶m �w{eva�s7npi�b�q{auÝº�dcfej��y�c�ehaV¤>��nty a7¨�a9e9�/gv��a4i�cfw{l
��e©c7y��dcpsj²�nVo/gv��a1��s�i�n�gjnpe$wr�$gj��a�l�a9at�>nVo/b�a9evw{n���wrs�i�c�w{lmgva9ldc�l�s7aV¤�� ��a���ev ��v��a9�
npo�gj��a�i�ats©�dcfl�wrstc�q®s7npi�i« �g©cfgvnVe a7¨Va9lmgv dc�q{q¬³4y$a�cfe$np �gTcfl¥��l�a9at��gjn@��a�eva9b�q¾c�s7at�µ¤
� ��a�i�ats©�¥c�l�wrstcfq�s7nViki« �g�c½gjnpe4�dcf��npgv��a9e� �l���a9�vwrejc���q{a|a7»�atsugv���v ¥sj�Üc����vbdcfev²��t�
c�s7nV ��hgvw¾s@l�nVw{�va4c�l¥�Kstcfev��nplºbdcfehgvw¾s7q{a9�1sunVi�w{l�zÂo¯evnpi gj��ak��ev ��v��a9�t¤�^�ev ��v��q{a9�j����s
¡ ��qr��s�£
i�n�gjnpev�#stc�lkwrlki�c�l�³ks9c��va9�#eva7b�q¯c�s7a�s7nplm¨�a9l�gjw{nVldcfqd��s$i�n�gjnpev�t¤\�� ¥s©��iknpgvnVe
eva7b�q¯c�s7a9i�a9l�gkwr�@�hgj ¥��w{at� wrlDC¬ö�E~¤·�Ta9�vb�w{gva�gv��a�ldcfi�aV�\��q¾��s�i�n�gjnpev��cfevaÂc�sugj dcfq{q{³
c�g!³�b�a�nVoTb�a9ehi�c�l�a9lmg�i�cfzpl�a7g��h³�l¥sj��evnpl�nV ��ki�n�gjnpev�t¤ �$��a7³Úc�ehaÂ��evw¬¨�a9lÚ�m³ ��s
¨�npq¬g�cfzVa=�� �g�s7 �eheva9lmg�s7nViki« �g�c½gjw{npl|w{����nVl�a=�m³Â�jnpq{w¾���hg�c½gja1�hy�w¬g©s©��a9�t¤T� ��a«s7nVi«�
i« �g©cfgvwrnpl§wrl��hg©c�lmgv�1c�eha���a7gja9ehi�w{l�at�§�m³�gj��akehnpgvnVe�b�np�vw{gvwrnpl·cfl¥�¦gj��a@b�nV�vw¬gjw{nplºnpo
gj��a@evnpgvnVe�w{�1��a7gjatsugvat�Ka9w¬gj��a7e��m³¦b�np�vw{gvwrnplº�va9l��vnpev��nVe��m³¦�va9l��vnpevq{a9�v��gjatsj��l�wr¶m �a9�t¤
^�qr��ski�n�gjnpev���dc9¨�a�i4c�lm³§cp��¨pcflmg�cfzVa7�1n�¨�a9e�s7nplm¨Va9lmgjw{npldc�q���ski�n�gjnpev�t¤k� o­auy npo
gj��a7�ja1cfevaFCú�GEIH
• _�npl�z�npb�a9e©c½gjw{l�z�q{wro¯a
• ��wrzp����³�ldcfi�wrs�eva9�vb�nVl��va
• ��wrzp�Âa�J�s7w{a9l¥su³
• ^�a7gvgva9e��vb�a9at��¨��t¤�gvnVev¶m �a�s©�dcfe©c�sugja9ehwr�hgvw¾s7�
• "�nVw{�va9q{a9�j��nVb�a7e©c½gjw{nVl
• ��wrzp��a9e��vb�a9at�>e©cfl�zVa
• ��wrzp��a9e$gjnpej¶� �au�¸y$a7wrzp�mg�ejcfgvwrn

ö
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^�_/���ÓiknpgvnVev� c�eha�c9¨pc�w{q¾c���qra�w{l�i�c�l�³���w¬»�a9eva9lmg�b�n�y a9e�e©c½gjw{l�zp�t��o­ehnVi ¨�a9e	³4�vi�c�q{q
i�n�gjnpev��c��$ ��ja9�>wrlÂ�¥c�ev�Â��w{�j²���evw¬¨�a9�$gvn�q¾cfevzpa9e�iknpgjnpev�$ ��vat�>w{lÂa9q{atsugjehw¾s�¨�a7��w¾s7q{a9�t¤
� ��eva9au�ªb��dcf�va1iknpgjnpev�Tc�eha�i�nV�hgTs7npi�i�npl��� �g�gªy n��ªb��dcf�va1iknpgvnVeh��c�eha=c�q{�vn4o­np �l¥�
w{lÂi�c�l�³Âcfb�b�q{w¾stc½gjw{npl���¤

�$��aTb� �evb�np�ja�nVo�gj��w{��eva9b�npehg�w{��gjn��� �w{q¾��c��vwrikb�qrap��cps9s7 �ejcfgva�c�l¥��o cf�vg�eh �l�l�w{l�z
�|cfgvq¾c�� °© ± ��wri= �q{wrl�² °© i�n���a9q/nVo#ckgj��eva9a1b��dcf�ja1�vg©c�e!�Hs7nVl�l�a9sugjat����qr��s1iknpgvnVe�cfl¥�
s7npi�bdcfeva�gj��a�o¯ �l¥sugjw{npl npo$��w{»�a9eha9lmg@s7nplmgvevnpq��hgve©c½gja9zpwra9�t¤>� �vw{i�b�q{a�cfb�b�evn�cpsj�)gjn
s7 �eheva9lmgT�va9l��vw{l�z�cfl¥��b�y�iýs7 �eveha9lmg�s7nplmgjehnVq�npoZ��qr��s�i�n�gjnpev���dcf�T��a9a9l�b�eva9�va9l�gjat�
w{l8C ÷dE~¤��$��w{��i�a7gj��n���y�w{qrq®��a=cfb�b�q{wrat�Â��a9eha� ��vw{l�z4��³��hgja9eva9�vw{���dcfl¥��s7nplmgjehnVq¸��b�yTi
s7nplmgjehnVqdc�l��k¨pc�ehw¾c���q{aT��s©�Hq{w{l�²«¨VnVq¬g�cfzpaTs7nplmgjehnVq¸¤#��w{i�w{q¾c�e9���� �g�q{a9�j�#auÝ�gva9l��vw{¨VaV�py$npev²
�dcf����a9a9l§��npl�a«w{l?C ù(E/y���a9eva@c4b�yTi2gjnpej¶m �a«s7nplmgjehnVq{q{a9eTy�c���w{i�b�q{a9i�a7lmgjat�µ¤�� ��a
i�n���a9q�b�eva9�va9lmgvat� ��a9ehaV��g©c�²pa9�>gj�¥cfg�y nVeh²Ïnpl�aK�hgja9b o¯ �ehgv��a9e�yTw¬gj� gv��aºs7nplmgjehnVq
npo�gjnpej¶� �aV���jb�a9a9�·cfl¥�Kb�nV�vw¬gjw{nVlµ�/ ��vwrl�zÂgv��akgv��eva9a4s7nplmgvevnpq#�hgjejcfgva9zVw{a9��i�a9lmgvwrnpl�at�
cf��n½¨VaV¤ ��yTw¬g©sj��wrl�zÚqrnp�v�ja7�|cfl¥�Ügj��aKau»¼atsugv�ÂnVo=s7nViki« �g�c½gjw{npl���a9q¾ct³ÏnVl gjnpej¶� �a
evw{b�b�q{a9��cfeva1cfq{�vnkgjevatcfgvat�µ¤

���dcfb�gja9e���b�eva9�va9lmgv��gj��a�s7npl��hgjeh ¥sugjw{npl·cfl¥�§npb�a9e©c½gjw{nVlKnpo c�s7nVl�¨�a9lmgvwrnpldcfq#��s
i�n�gjnpe�c�l¥�Â��a9ehw{¨Va9��c«�jw{i�b�q{a�i�c½gj��a9i4cfgvw¾stcfq®eha9b�eva9�va9l�g�cfgvw{nVlÂnVo
w¬g�¤

���dcfb�gja9e�÷Kb�eva9�va9lmgv��gj��a���qr��s�i�n�gjnpet��w¬gj��s7npl��hgjeh ¥s7wrnplÜcfl¥��nVb�a7e©cfgvw{nVlÜcfl¥�
��a9ehw{¨Va9��c�i�c½gj��a9i4cfgvw¾stcfq�ikn���a9q�gvn|��a� ��vat�·w{lÚc¦�|c½gjq¾c�� °© ± ��w{i« �q{wrl�² °© w{i�b�q{au�
i�a9l�g�c½gjw{nVl®¤

���dcfb�gja9e|ù�b�eva9�va9lmgv�KcÓ��a7g�cfw{qra9�Q��a9�js7evw{b�gjw{nVlQnpo@gv��a��¦c½gjq¾cf��°© ± ��w{i« �q{w{l�²#°©i�n���a9q{��¤\�$��a�i�n���a9q{��cfeva�gja9�hgvat��c�l¥��gj��a9wre�s©�dcfe©cps�gja9evw{�hgjwrs7��b�eha9�va9lmgjat�¼¤
���dcfb�gja9e���w{lmgvevn��� �s7a9���m³��hgja9eha9�vwr���¥c�l¥�¦s7nVl�gjevnpq¸�µb�y�i s7nplmgjehnVq\cfl¥��¨Vcfevw¾cf��qra

��s��ªq{wrl�²�¨VnVq¬g�cfzVaKs7nplmgjehnVq¸¤ � ��a9�vaKi�augj��n�����cfeva§ ��vat�ÜwrlÜgvnVev¶m �au�©�T�vb�a9at���©��cfl¥�
b�np�jw¬gjw{npl�s7nVl�gjevnpq®nVo/gj��a���qr��s�i�n�gjnpet¤#�$��a�s7nVlmgvevnpq®i�a7gv��n�����cfeva�a7¨pc�q{ dc½gjat�Â��n�gj�
w{l>gjw{i�a���npi�c�w{l�c�l��Âo¯evat¶m �a9l¥su³Â��npi�cfw{l®¤

���dcfb�gja9e=û�b�eva9�va9lmgv�=gv��a�a7»�atsug=nVo qrnp�v�va9�«w{l)gj��a4¨�npq{g©c�zpa��vnV �evs7a�c�l��·w{l)gv��a
w{lm¨�a9e	gja9e9�dcfl¥�>�hgj ¥��w{a9��gv��a�a7»�atsug�nVo
s7nViki« �g�c½gjw{npl���a9q¾ct³�¤

���dcfb�gja9ee��s7nplmg©c�w{l�� c��v �i�i4c�e	³knpo�gv��a�eva7b�nVe	g c�l�����w{�js7 ��v�va9��b�np�v�jw{��q{a�gvnVb�w¾s7�
o­npe�o¯ �ehgv��a9e y nVeh²�¤
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hji�k lnmdiGo�p&qsrdtMu�r�lvmdtwkyx(r�lOq{z,p�k|m&o�}~m��~��lsq�tI�$m#q�k �~��o��Gu��~p�rGt�o&q�k �����(�Vo�m��~���drd�&q�k �~�Go�}~u�m� �dq]�-t�o��$u8u�rdtwk �Gr�l�o � o&q�i$r � o&q�k|m&o�} � �-u�rd}�q�iGo&q�m&o��8x(r�l#k � ��}|o&qvr�u8r#��mGk|rd�&q�} z<ky���o�q�}|o�x��© �d� k � ��}'ky�����© �
���&� *?-=:B�¼.
0����#.
87-=:
� ��a���s>i�n�gjnpe��dcf�4w¬gj��c�evi4cfgv �evaÂnpl�gv��a�ehnpgvnVe4c����j��nty�lÓw{lÚ´¥zV �eha|��¤röp¤�� ��a
�hg�c½gjnpe#�dcf���©c�q{wra7lmg�i4c�zpl�a7gjwrs�b�npqra7��gv�dcfg�cfeva�a9w¬gj��a9e#i�c���a�npo¼b�a7evi�cfl�a9lmg�i�cfzVl�a7gj�
npe/�vb�ats7w¾cfq�´¥a9q¾��y�wrl���wrl�zp�t¤\�� �eveva7lmg
w{�/o­at��gvn�gv��a�evn�gjnpeµyTw{l¥��w{l�zp�/gj��evnp �zp�1��ev ��v��a9�
gj�dc½g�cfeva�w{lÂs7nplmg©cpsug�y�w¬gj�>s7nVb�b�a9e �hgjehwrb�� q{n�stc½gjat�Âc½g gv��a�a9l¥��npo®gj��a�evn�gjnpet¤\� ��a9�va
s7npb�b�a9e/�hgjehwrb����½ ��v dcfqrq¬³�stcfqrq{at�1s7nViki« �g�c½gjnpe��va9zpi�a9l�gj�t�pcfeva�s7nVl�l�atsugjat��gjn�gv��a�ehnpgvnVe
y�wrl¥��w{l�zp�t¤

+

-

ArmatureN S


Fw{zp �eva=��¤rö(H���evnp�v���jats�gjw{nVlÂnVoZc=gHy nkb�nVq{a���s�i�npgvnVe�Cø�$E
����gj��a@ehnpgvnVe�ehnpg©cfgva9�t��gj��a@��ev ��v��a9��i�n�¨�a«o­ehnVi npl�a@�va9zVika9lmg�gjnÂcfl�n�gj��a9eTyT��wrs©�
s7npi�i« �g©cfgva9��gj��a4s7 �eveha9lmg1w{l)�v ¥s©�·c�y�c9³¦gj�dc½g�gj��a4s7 �eveha9lmgv�1w{lºgj��a�s7npl¥�� ¥sugjnpev�

÷
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 �l¥��a9e�a�c�s©�§b�nVq{a^¤�n�y'w{l¦gj��a@�©c�i�ak��w{ehatsugjw{nVlÓ¡¢o­evnpi gj��a@�vg©cfgvnVe�b�nVw{lmg�npo#¨�wra�y�£u¤
� ��wr��wr����a9b�wrsugjat�|wrl|´¥zp �eva9����¤rö@cfl¥�K��¤ ��¤�� ��a«eva9�v �q¬gjw{l�z�o­npejs7a=¨�atsugvnVeh��gv�dcfg�cps�g
npl¦gv��a«evn�gjnVe�yTw{l¥��w{l�zp�1cfevakc�q{q
g©c�l�zpa9lmgvw¯cfq
gjn�gv��a@ehnpgvnVe�b�a9evw{b���a9eh³¦c�l¥��gj��a7³¦cfqrq
s7nplmgjehwr�� �gja�gjn@gj��a�gvnVev¶m �aV¤

Brush

Commutator
segment

ShaftRotation

Insulator

Fw{zp �eva=��¤ �¥H�^�ev ��v��a9�Tc�l¥�Âs7npi�i« �g©cfgvnVe$�va9zpi�a9lmgv��nVo/gj��a���s�i�npgvnVe�CúûGE

���¦� §©¨ 5$0
<�.
87-=:
���Zgv��a$ldcfi�a wri�b�qrw{a9�t�pgj��a���s�i�npgvnVeZw{�\o­at�@o¯evnpi c���s�¨�npq{g©c�zpa$�vnV �evs7aV¤Z� ��a$�vb�a9at�
stcflº��a4s7nplmgjevnpq{qra9�º�m³|¨pc�e	³�w{l�zÂgj��a4c�b�b�q{w{at�§¨�nVq¬g©c�zpaV¤4�$��w{�1stc�lº��a�c�s©��w{a7¨�a9�º�m³
�dc9¨�w{l�z�c«¨pcfevw¾c���q{a�¨�npq{g©c�zpa��vnV �ejs7a�npe���³> ��vw{l�z�c«¨pc�ehw¾c���q{a1eha9�vwr�hgvnVe�s7npl�l�atsugvat��w{l
�va9evw{a9�$yTw¬gv�Âgj��a=cfevi�c½gj �ehaV¤�� ��a�q¾cfghgja9e�i�a7gj��n��Âw{�T�vw{i�b�q{a��� �g�l�npg�¨�a9e	³>a�J4s7wra7lmg
��atstcf ��va«npoZgj��a=b�nty a9e���w{�j�vw{bdc½gjat�|w{l�gj��a1¨pcfevw¾c���q{a«eha9�vwr�hgvnVet¤T�HoFgj��a=i�n�gjnpeTwr��l�n�g
npoTgj��aÂb�a7evi�cfl�a9lmg4i4c�zpl�a7g�gH³�b�aV��gv��aÂ�vb�a9at�Óstcfl�c�q{�vnº��a>¨pc�ehwra9���m³�s©�dcfl�zVw{l�z
gj��a�´¥a9qr��s7 �eheva9lmgt¤\��wrzp��a9e�a�J4s7w{a9l¥su³4w{� cpsj��wra7¨Vat���m³k ��vwrl�z1�jnpq{w¾�4�hg�c½gja�s7nplm¨�a7ehgja9eh�
�v ¥s©�·cf�1s7nplmgjehnVq{q{at�ºehatsugjw¬´¥a9ev�=cfl¥�ºs©��npb�b�a9ev�t¤���nplmgjehnVq{q{at�Kevatsugvw{´¥a7ev�=c�eha� ��vat�§gjn
s7eha�cfgva$c�¨pcfevw¾c���q{a$��s�¨VnVq¬g�cfzpaV¤F

wrzp �eva$��¤ú÷��v��ntyT�F�v ¥s©�kcfevejc�l�zpa9i�a9l�g�¤F� ��a�¨�npq{g©c�zpa
w{��¨pcfevw{at�>�m³>s©�dcfl�zpwrl�z�gv��a�´¥evw{l�z�cfl�zVq{a�nVo/gv��a�gj�m³�evw{�vgvnVeh��¤

�$��a�s©��npb�b�a9e��j��nty�lºw{l§´¥zV �eha���¤úù�sunVl��vw{�vgv��npo c�lKa9q{atsugjehnVl�wrsk�	yTw¬g©sj�Kgv�dcfg�w{�
 ��vat��gvn«gv �evl�gv��a�i�n�gjnpe�nVlÂcfl¥��n�»§c½g�c1��w{zp�>ejcfgvaV¤�
 ��a9l�gj��a��hy�w¬g©s©��w{��gj �ehl�at�
n�»Z�mgj��a���w{n���a�b�evn�¨�wr��a9��c1bdc½gj��o¯nVe�gv��a�w{l¥�� ¥sugvw{¨Va�cfevi4cfgj �eva�s7 �eveha9lmg�¤Z

wrzp �eva���¤ �
�v��ntyT��gj��akgv �evl��ªnplº�jw{zpldc�q�cfl¥�§gj��a4s7 �eveva9l�g�y�c9¨�a7o­nVehi��t¤4�$��a4s7 �eveha9lmg�evw{�ja�cfl¥�
o cfq{q®q{nty a9ev�$gj��a�s7 �eheva9lmg�i�a�cfl�¨Vcfq{ �a��� �g�w{gTcfqr�vnkwrl�gjevn��� ¥s7a9�� �l¥��a9�vw{e©cf��q{a1s7 �eheva9lmg
evw{b�b�q{a�yT��wrs©��w{��gje©cfl��vo­a9ehevat�>gvnkgj��a�a9q{atsugvevwrs�gvnVev¶m �aV¤��$��wr��i�a7gv��n��Âw{��g!³�b�w¾s9c�q®o­npe
��evw¬¨�a7��w{l>¨�a9��wrs7q{a9�t¤
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1Φ or 3Φ supply  DC
motor

Firing
circuit

α

Controlled
rectifiers

Control
signal



wrzp �eha���¤ú÷�H=���#�ªi�n�gjnpe�nVb�a9ejcfgvat�§yTw¬gv� c�¨pc�ehw¯cf��q{a���sk¨VnVq¬g�cfzVa4s7eva�c½gjat�º��wrehatsugjq¬³
o­ehnVi2cfl|c�s��ªzVehw¾�ªCú�GE

Vs

Electronic
switch

 DC
motor

+
-



wrzp �eha=��¤úù�H������ªi�n�gjnpe$nVb�a9ejcfgvat��y�w{gv��c@�hgja9b��H��nty�l�sj��nVb�b�a7e�Cú�GE
∆i

t

tt
idiode

iarmature
iswitch

t

Switch
turn-on
signal



wrzp �eha���¤ �¥HF�/ �evl��Hnpl��vwrzpldcfq�cfl¥��s7 �eveha9lmg\y�c9¨�a9o­npevik�#wrl�c��hgja9b��!��n�y�l�sj��nVb�b�a7eSC ûdE
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cfl¥�

L
cfeva�gv��a�cfevi�c½gj �eha
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Vs = Ri+ L

di

dt
+ e

¡¸��¤{ö½£

Te = kfωm + J
dωm
dt

+ TL.
¡¸��¤ø��£

��a9eha
Vs
c�l¥�

i
��a9l�n�gja�gv��a4��s��ª�jnp �ejsua�¨�npq{g©c�zpa�cfl¥�Kgv��a�cfevi�c½gj �eha4s7 �eveha9lmg��Fcfl¥�

Te
�
kf
�
J
c�l¥�

TL
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w{l�a9ehgvw¯ckc�l¥��c@ikats©�dcfl�w¾s9c�q®q{nmc��µ¤

+
−

RL

e=keωmVs

i


Fw{zp �eva=��¤øû~H����#�HiknpgvnVe$at¶m �w¬¨pc�q{a9lmgTs7w{ejs7 �w{g�CúûGE
� ��a��dcpsj²��ªa9i�oZcfl¥��gj��a�a9q{atsugjehw¾s9c�qµgjnpej¶m �a�stc�lÂ��a�yTehw{ghgja9l�cf�

e = keωm
¡¸��¤ú÷m£

Te = ktωm
¡¸��¤ ù�£

y���a9eva
ke
cfl¥�

kt
cfeva=gj��a«�dc�s©²��ªa9i�o�sunVl��hg�cflmg�cfl¥�|gv��a=gjnpej¶m �a@s7npl��hg�cflmg�eva9�vb�ats��

gjw¬¨�a7q{³�¤�
¥npe�ikn���a9q{q{wrl�z�b� �evb�np�va9��w{g�w{��nVo¾gja9l¦s7nVl�¨�a9l�w{a9lmg�gjn���a9evw¬¨�a@c4�hg�c½gja��H�vbdc�s7a
eva7b�eva9�va9lmg©cfgvwrnplÂnVo/gv��a�i�n�gjnpet¤#�#¶m dc½gjw{npl�����¤rö1cfl¥����¤ ��cfeva�ehauyTehw{ghgja9l�cf�

di

dt
= −R

L
i− ke

L
ωm +

1

L
Vs

¡¸��¤ø��£

dωm
dt

=
kt
J
i− kf

J
ωm −

1

J
TL

¡¸��¤úûm£
cfl¥��c@i�c½gjehw¬Ý�eva9b�eha9�va9lmg�c½gjw{npl�o­npq{qrntyT����w{evatsugvq{³®H
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i′

ω′m
θ′m


 =



−R
L
−ke

L
0

kt
J
−kf

J
0

0 1 0







i
ωm
θm


+




1
L

0
0 − 1

J

0 0



(
Vs
TL

) ¡¸��¤%�V£



i
ωm
θm
Te


 =




1 0 0
0 1 0
0 0 1
kt 0 0







i
ωm
θm




¡¸��¤úÿm£

� ��a9�va�at¶m dc½gjw{npl���yTw{qrq���a� ��vat��w{l�gv��a��|c½gjq¾cf� °© ± ��w{i« �q{w{l�² °© i�n���a9q�b�eva9�va9lmgvat��w{l
s©�dcfb�gja7e�ù¥¤
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�dcfl¥�|�dcf��c4�vwrlm ��vnVwr�¥cfqrq¬³��v�dcfb�a9�|�dc�s©²��ªa9i�o�cfl¥��evat¶m �w{eva7���vw{l� ��vnVwr�¥cfqFb��dcf�va@su �e	�
eva7lmgj�1o­npe1evw{b�b�q{au�ªo­eha9a4gjnpej¶m �a4nVb�a9ejcfgvwrnpl®¤Â� ��a��v�dcfb�a�npo�gj��a4�dc�s©²��ªa9iko wr�=��a7gja7e	�
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b��dcf�va�wr��n�»F¤»
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�����F�T÷�£u¤
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60◦
cfbdcfehg�¤F�¦c�Ý�w{i« �i
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0◦ − 60◦

� ö � � = ö = ù ½ � n�»
60◦ − 120◦

ö ö ö � = ö = û ½ np» �
120◦ − 180◦

� � ö � = ÷ = û n�» ½ �
180◦ − 240◦

÷ � ö ö = ÷ = � � ½ n�»
240◦ − 300◦

ù � � ö = � = � � np» ½
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� ö � ö = � = ù n�» � ½
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vab = R(ia − ib) + L
d

dt
(ia − ib) + ea − eb

¡ ÷�¤{ö½£

vbc = R(ib − ic) + L
d

dt
(ib − ic) + eb − ec

¡ ÷�¤ø��£

vca = R(ic − ia) + L
d

dt
(ic − ia) + ec − ea

¡ ÷�¤ú÷m£

Te = kfωm + J
dωm
dt

+ TL.
¡ ÷�¤ ù�£
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�
i
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��a9l�n�gja@gj��akb��dcf�ja��ªgvn��ªb��dcf�vak¨�npq¬g�cfzVa9�t��b��dcf�va4s7 �eveva9l�gj�

cfl¥��b��dcf�va=�dc�s©²��ªa9i�o�" ��eva7b�atsugjw¬¨�a9q¬³���wrl�gj��a�gj��eha9a=b��dcf�va9�
a
�
b
cfl¥�

c
¤�� ��a=eha9�vwr�	�
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Te
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J
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ωm
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ea =
ke
2
ωmF (θe)

¡ ÷�¤ø��£

eb =
ke
2
ωmF (θe −

2π

3
)

¡ ÷�¤úûm£

ec =
ke
2
ωmF (θe −

4π

3
)

¡ ÷�¤%�V£
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kt
2

[
F
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)
ia + F
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2π

3

)
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)
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cfeva�gj��a��dc�s©²��ªa9ikoFs7nVl��hg�cflmg�cfl¥��gj��a�gjnpej¶m �a�s7npl��

�hg�cflmg�¤��$��a�a9q{atsugvevw¾c�q
cfl�zpqra
θe
w{��at¶m dcfq®gjnkgj��a�evn�gjnpe�cfl�zVq{a�gjw{i�a9��gv��a�l� �i«��a9e�npo

b�npqra=bdcfwreh�k¡
θe = p

2
θm
£u¤�� ��a=o­ �l¥sugvw{nVl

F (·) zpw{¨Va9��gv��a1gje©cfb�a9¿9npwr�¥c�q�y�c9¨�a9o¯nVehi npo
gj��a��¥cps©²V�ªa9i�o!¤���l�a�b�a9evw{n��Ânpo/gv��wr��o­ �l�sugjw{nVl�stc�lÂ��a�yTehw{ghgja9l�cf�

F (θe) =





1, 0 ≤ θe <
2π
3

1− 6
π
(θe − 2π

3
) 2π

3
≤ θe < π

−1 π ≤ θe <
5π
3

−1 + 6
π
(θe − 5π

3
) 5π

3
≤ θe < 2π

.
¡ ÷�¤'�m£


¥npe�c�s7nVlm¨Va9l�w{a9lmg�w{i�b�q{a9i�a9l�g�c½gjw{nVl�w{l��|cfgvq¯cf��°© ± ��w{i« �qrw{l�²#°© �mat¶m dc½gjw{npl�� ÷�¤rö$�Z÷�¤úùi« ��hg���a@yTehw{ghgja9lºw{l)�hg©cfgvau�ª�jbdc�s7a�o­npeviÂ¤�� ��a9�va4at¶� dcfgvwrnpl��1l�a9at�§gjnÂ��a�i�n���w¬´¥at�
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gjn�c�q{qrntyßc>�vg©cfgvau�ª�jb¥cps7a4eha9b�eva9�va9l�g�cfgvw{nVl®¤>��wrl¥sua�a�c�s©�º¨VnVq¬g�cfzVa�at¶m dc½gjw{nVl)w{�«c>qrw{l��
a�cfe1s7npi«��w{ldc½gjw{nVlºnVo�gv��a�npgv��a9e�gªy$n>¨�npq¬g�c�zpa�at¶m dc½gjw{npl��1nVl�q¬³¦gHy nÂat¶m dc½gjw{npl��«c�eha
l�a9at��a9�µ¤�^�³>gj��ehn�y�wrl�z>c7y�ct³ÂnVl�a=at¶m dc½gjw{nVl¦c�l¥��a9q{w{i�w{ldcfgvwrl�z�nVl�a�¨Vcfevw¾cf��qra= ��vwrl�z
gj��a�su �eveva7lmg�eha9q¯c½gjw{npl��v��wrb

ia + ib + ic = 0.

gj��a�¨VnVq¬g�cfzpa�a9¶m dcfgvwrnpl�����ats7nVika

vab = R(ia − ib) + L
d

dt
(ia − ib) + ea − eb

¡¸÷�¤rö9�m£

vbc = R(ia + 2ib) + L
d

dt
(ia + 2ib) + eb − ec

¡¸÷�¤röpö½£
cfl¥��gj��a�s7npi�b�q{a7gja�i�n���a9q®w{��gv��a9l




i′a
i′b
ω′m
θ′m


 =




−R
L

0 0 0
0 −R

L
0 0

0 0 −kf
J

0
0 0 1 0







ia
ib
ωm
θm


+




2
3L

1
3L

0
− 1

3L
1

3L
0

0 0 1
J

0 0 0






vab − eab
vbc − ebc
Te − TL




¡¸÷�¤röt��£



ia
ib
ic
ωm
θm




=




1 0 0 0
0 1 0 0
−1 −1 0 0

0 0 1 0
0 0 0 1







ia
ib
ωm
θm




¡¸÷�¤rö9÷m£

�|cpsj��wrl�a�i�n���a9q{��c�eha�nVo¯gva9l�gjejc�l��vo­npevikat��gvn�c1evn�g�c½gjw{l�z@eha9o­a9eha9l¥s7a�o­e©cfi�a�o­npe �vwri«�
b�q{w{´¥stcfgvwrnplÜcfl¥�Úgjnºw{i�b�evn�¨�a�s7nVikb� �g�c½gjw{nVl¥c�q�a�J4s7w{a9l¥su³�¤Ü� ��wr��cfb�b�evn�cpsj��w{�4l�n�g
 ��vat� ��a9eha�cf�kw¬gk�dcf�k��a9a7lÚ�v��n�y�l gj�dc½g«y���a9l gj��a��v �b�b�q¬³·¨VnVq¬g�cfzpa>w{�kl�n�gk�vw{l� ��
�vnVwr�¥cfq~���v ¥sj�Âgve©cfl��vo­nVehi�c½gjw{nVl�y�wrq{q®l�n�g�w{i�b�ehn½¨Va�s7nVikb� �g�c½gjw{nVl¥c�q®a�J4s7w{a9l¥su³ªC¾�dE~¤
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ÒnÓsÔÄÓ]Ô Õ×Ö Y OX[aØ Y®G
� ��a���s�iknpgjnpe$i�n���a9q®�v��nty�lÂwrl�´¥zV �eha�ù¥¤{ö�wr�$¨Va9eh³��vwri�b�qraV¤\�$��a���s�i�n�gjnpe���qrn�s©²
s7nplmg�cfw{l���ck�vg©cfgvau�ª�vbdcps7a1��q{n�sj²>gv�dcfg��vnpq¬¨�a9�Tat¶m dc½gjw{nVl�����¤%�4c�l��¦��¤øÿ�¤�� ��a=w{l�b� �g�w{�
gj��ak��s@�vnV �evs7a@¨�npq¬g�cfzVa

Vs
c�l¥�¦gv��aki�ats©�dcfl�wrstcfq\qrn�c��

TL
¤@� ��aknV �gvb� �gj�1cfeva@gv��a

cfevi�c½gj �eha�s7 �eveha9lmgt��evn�gjnpe$�jb�a9a9�µ��evn�gjnpeTc�l�zVq{a=cfl¥��gj��a�a7qratsugvevwrstcfq®gjnpej¶� �aV¤

v

DC−motor

Vs

DC source
voltage



wrzp �eha�ù�¤rö(H#� ��a1��s�i�n�gjnpe$i�n���a9q
��q{qTi�n���a9q�sunVl��hg�cflmgv�Âcfeva|��a7´¥l�at��w{l�gj��a�´¥qra7�ºÙ¦ÚGÛ�Ü#ÝÏÞGÛ¼ÝßÜ&àâá¹cfl¥� á�ÚdÝãÚGäÏå�ÞGä�àæák¤á�ÚGÝÏÚGäãå¼ÞGä&àâáýs7nplmg©c�w{l��«bdcfe©cfi�a7gja9eh�=nVo ¨pc�ehw{nV ��=��q¾��s4i�n�gjnpev�t¤|��c�s©�·i�n�gjnpe1gH³�b�a
�dcf�Tc=l� �i«��a9e�c�l¥�Âc=i�npgvnVe wr�$�va9qra9sugjat�>��³>cf�j�vw{zVl�w{l�z@gj��a�i�n�gjnpe l� �i«��a9e gvn@gv��a

ö9ù
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¨pc�ehw¯cf��q{aQáFÚdÝÏÚGä#Ý{ë�å¼ì
w{líÙ�ÚGÛ�Ü#ÝÏÞ$Û²ÝßÜ&àâá@¤
�Ó�jw{i« �q¯c½gjw{nplkw{�Z�hg�c�e	gjat�=�m³=eh �l�l�w{l�z�gj��a�´¥q{aá�Þ$î�Û:àâá y���w¾sj�)eh �l��µÙ�ÚGÛ~Ü#ÝÏÞGÛ²Ý�Ü&àâák�®�hg�c�e	gj��gj��ak�jw{i« �q¾c½gjw{nVl·cfl¥�)c½g�gj��a�a9l¥�§ev �l��
gj��a4´¥q{aFå:ïâÚdÝßÜ�àâá y���wrs©� b�q{npgv�«¨pcfevw¾c���q{a9�@�v ¥sj�Úcf�@s7 �eveva7lmg��
gjnpej¶m �aV�Z�vb�a9at�¼��cfl�zpqra
a7gjsp¤

�$��a�c9¨pc�w{q¾c���q{a4i�n�gjnpev�1c�eha�c�q{q#��qr��ski�n�gjnVeh��b�ehn��� ¥suat�º�m³º�|c�Ý�npl·x\evatsuwr�vw{nVl
��npgvnVeh���Hl�sp¤�� ��a=bdcfe©cfi�a7gja9eh�� ��ja9�|��a9eva@c�eha=�v��ntyTl|w{l�g�cf��qra=ù�¤rö1�� �g�gv��a«s7nVi«�
b�q{a7gja4�¥c½g�cf�v��a9a7g1w{�=ct¨pcfwrq¾cf��q{a4o­ehnVi �|c½Ý�npl±"ú��y a9���vw{gvaíC{ö9�dE~¤4�$��a�iknpgvnVe�w{�1¶m �w¬gja
�vi�cfqrq�c���w¬g�w{��npl�q¬³

1.2
y�c½gvgj�Tcfl¥��y$a9w{zp����npl�q¬³

2.8
zpe©cfi��t¤

�Fcf��qra�ù�¤rö(H�^�_/���Üi�n�gjnpe�b¥c�ejc�i�a7gva9ev�ÊC{ö9�GE
ô Å � Å � ò ���t� �|c½Ý�nVl����Üû4��ö��p�p�p�
"� �i=��a9e�npo
b�nVq{a9� b�npq{a9� �
���v�vw{zVl�at�>b�nty$a9e$e©c½gjw{l�z 
 öp¤ �
"�npi�w{ldcfqµ¨�npq{g©c�zpa } û�¤ø�
"�nkq{nmc��Â�vb�a9at� evb�i ù,��öt÷p�
�mg©c�q{qµgjnpej¶� �a i�"�i ��¤ ���
"�nkq{nmc���su �eveva7lmg ik� ûV�
�/a7evi�w{ldc�qµeva9�vw{�hg�c�l�s7a�b��dc��va�gvnkb��dc��va ����i öt��¤ ���
�/a7evi�w{ldc�qµwrl��� ¥sug�cfl¥s7a�b��dcf�va�gvn�b��dcf�va i4� ��¤ø�(��ö
�/npej¶� �a1sunVl��hg�cflmg i�"�i ± � öp¤ø�V�
�$n�gjnpe�w{l�a9ehgvw¯c zVs7i 2 ��¤ø�p�V�

�evwrsugjw{nVl�s7npl��vg©c�l�g=¡~cf�v�j �i�at��¨pc�q{ �a½£ "�i · � 1.38 · 10−8

ÒnÓsÔÄÓ{ð M$N	OQP G!CFE NH[�R
� ��a��vwri= �q¯c½gjw{npl�� cfevaT��npl�a�w{l��¦c½gjq¾cf��°© û�¤ø�4¡¸��ö9÷�£#cfl¥����w{i« �q{wrl�²\°© ��¤ú�� ��vw{l�z�gv��a
��a9o¢c� �q¬g��vnpq{¨Va9e�n���a9ù���¤Z� ��a��vwri= �q¾cfgvwrnpl�gjw{i�a�w{�

0.1
�ja9s7nVl¥����cfl¥��c�q{nmc��kgvnVej¶� �a�npo

��¤ ��÷�á�ñSá w{��cfb�b�q{w{at�¦cfg���¤ø�V���vats7nVl¥����¤�
Fw{zp �eva=ù�¤ ���v��nty��Tgj��a1i�n�gjnpeT�vb�a9at�µ¤��
s7npeveva9sug�¨pc�q{ �a�npoµgj��a�l�nf�ªq{nmc����vb�a9at��wr�$cpsj��wrau¨�at���m³4�va9q{atsugjw{l�z�c��v �w{g©c���q{a�¨pcfqr �a�npo
gj��a@o­ehw¾s�gjw{nVlKs7nVl��hg�cflmg

kf
¤k�Tgv��a9e	y�wr�vaV�¼gj��a@l�n��ªq{n�cp�§�vb�a9at�§��atsunVi�a9�1c�qrw¬gvgvqra@gvn�n

��w{zV�®¤�

w{zV �eha�ù�¤ø÷��j��nty��=gv��a�a9qra9sugjevwrstcfq�gvnVev¶m �aV¤�� ��a��hg�cfq{q�gjnpej¶m �a�w{�@c���np �g
50á�ñSá y���wrs©��cfzVeha9a9�\y a9qrq�y�w{gv��gj��a�¨pc�q{ �a�w{l�gj��a$g�cf��q{aV¤Z
Fw{zp �eva9��ù�¤úù=c�l¥�kù¥¤ø���v��n�y

gj��a1gvnVev¶m �au�ª�vb�a9at��b�qrn�g�c�l¥��gj��akcfevi4cfgv �eva«s7 �eveha9lmgt¤T��qrq�¨Vcfq{ �a9��cfeva«s7q{nV�va1gjn�gv��a
c�sugj dcfqµ¨pc�q{ �a9��w{l>g�cf��q{a�ù¥¤{öV¤
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w{zV �eva�ù�¤ �¥H����Ïi�npgvnVe$�vb�a9at�
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wrzp �eha|ù�¤øû)�v��nty���gj��a|s7npi�b�q{a7gva|��qr��s|��ehw{¨VaK��w{i« �qrw{l�² °© i�n���a9q¸¤ � ��a¦s7npeva�npo
gj��a���qr��s�i�n�gjnpe���q{n�sj²>wr��c��hg©cfgvau�ª�jbdc�s7a���qrn�s©²�gv�dcfgTw{i�b�q{a9i�a9l�gj��gv��a1�hg�c½gja��H�vbdc�s7a
i�c½gjehw¬Ý�at¶m dc½gjw{npl�÷�¤röt��¤

Firing Signals

Vs
uab,ubc

Inverter block

Vs

DC source
voltage

Position Firing Signals

Control block
uab,ubc Position

BLDC motor block


Fw{zp �eva�ù�¤øû~H#�$��a���qr��s���evw¬¨�a�i�n���a9q


wrzp �ehaKù¥¤%�·�v��n�y��>gv��aºs7nplmgva9lmgj�>nVo�gj��a§��qr��s§i�n�gjnpe>��qrn�s©²�¤Ø� ��aK�hg�c½gja��H�vbdc�s7a
��q{n�sj²�g�cf²Va9��w{l|gj��a@��w¬»�a9eva9l¥s7a«��a7gHy a9a9l¦gv��a«a9qra9sugjevwrstcfqFgvnVev¶m �akcfl¥�|gv��a«i�ats©�dcfl��
wrstc�q�gjnpej¶m �a@cfl¥��gHy n4¨�npq¬g�cfzVa=�vw{zVldcfq{��o¯evnVi2gv��a=w{lm¨�a9e	gja9et¤�� ��a=w{lm¨�a9e	gja9e�¨�npq¬g�cfzVa9�
cfeva4auÝ�b�q¾c�w{l�at�)wrl·��a7g�cfw{q�w{l·�vatsugvwrnpl·ù�¤ ��¤ ��¤Â�$��a�gje©cfb�a9¿9npwr�¥c�q�o­ �l¥sugjw{nVl��kcfl¥�ºgv��a
b�np�jw¬gjw{npl>�vwrzpldcfqr��cfeva��hgjnpevat��wrl�q{n�np²� �b�g©c���q{a9� gv�dcfg�s©�¥c�l�zpa�gj��a7wre np �gjb� �g�c�s9s7npej���
w{l�z�gjnkgj��a�¨pc�q{ �a�nVo
gj��a�a9q{atsugvevwrstc�q
cfl�zVq{a«cf�T�v��ntyTl�w{l�´�zV �eha1ù�¤øÿ�¤��$��a�a9q{atsugjehw¾stcfq
gjnpej¶� �a�w{�kstc�qrs7 �q¾c½gjat�Úc��@�v��ntyTl wrl ´¥zp �eva�ù¥¤'��¤K�$��a�a9q{atsugvevwrstcfq b�nV�vw¬gjw{nVlµ�#eva9b�ehau�
�va9lmgvat��c���w{lmgja9zpa9e�l� �i«��a7ev���f�!���mwr��o­at��gjn�gj��a�s7nplmgvevnpq���q{n�s©²«y���w¾sj��zpw¬¨�a9��np �g�gv��a
´¥evw{l�z��vw{zVldcfq{�#gvn�gj��a$w{lm¨�a9e	gja9e9¤F���Z´¥zp �eva$ù¥¤%���v��ntyT�t�pgj��a��¥cps©²V�ªa9i�o�"ú��c�l¥��c��vwrzpldcfq
w{l¥��wrstcfgvwrl�z1w{o�gj��a�b��dcf�jaTs7 �eheva9l�gj��c�ehaT¿7a9evn1npe�l�npl��ª¿9a9ehn¥��c�eha��va9lmg�o¯evnpi'gj��a�iknpgvnVe
gjn=gj��a�w{lm¨�a7ehgja9e�gv��evnp �zV��gHy n4��n�gjn@��qrn�s©²��t¤\�$��a�eha�c��vnpl�yT��³�gv��a�w{lm¨�a9e	gja9e l�a9at���
gj��a7�ja��vw{zVl¥c�q{��w{��auÝ�b�q¯cfw{l�at�Âw{l��vatsugvw{nVlÂù¥¤ø��¤ø��¤
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Te−TL
1

Position

In1

iabc

wm

thetam

state−space
model iabcz

iabc zero
check to
inverter

thetam
trapezabc

Position
Subsystem2

trapezabc

iabc
Te−TL

Subsystem1

Relay

Product

ke/2

Gain1

eabc

Back−emf’s
to inverter

|u|

Abs

1
uab,ubc


Fw{zp �eva�ù¥¤%�¥H���nplmgva9lmgj��nVo�gj��a���qr��s�iknpgvnVe$��q{n�sj²

2
Position

1
trapezabc

Look−Up
Table3

Look−Up
Table2

Look−Up
Table1

Look−Up
Table

p/2

Gain

rem(u,2*pi)

Fcn

1
thetam



wrzp �eha$ù�¤øÿ~HZ� c�qrs7 �q¾cfgvwrnplknVo¥gve©cfb�a9¿9npw¾�¥cfq�y�c9¨�a9o­npevik�#c�l��@b�np�vw{gvwrnplk�vwrzpldcfqr�\w{l4�� ����
�h³��hgja9i4�
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Te

TL

1
Te−TL

Load torque

kt/2

Gain
Dot Product

2
iabc

1
trapezabc



wrzp �eva�ù¥¤'��H\�/npej¶m �a�stcfq¾su �q¯c½gjw{npl�w{l|�� ����h³��hgja9iÂö

ÒnÓwðaÓ{ð Õ×Ö Y UVRcó Y ò E�Y ò� å � íFå �^ô Å è¾�t� ädÁ � Ä�á � ��Å�å ��� ó ��Å�í
íFá î äÚê®á¯ä î®��è
� ��a@w{lm¨�a9e	gja9e�w{��w{i�b�q{a9i�a9lmgvat�Kc���cfl§�	�ªo­ �l¥sugvwrnpl§gv�dcfg�g�cf²Va9��w{l¦gj��a=¨Vcfq{ �aknpo#gv��a
��s��ª�vnp �ejs7a�¨VnVq¬g�cfzpa>cfl¥�)gj��a4´¥ehwrl�z|�vwrzpldcfqr�«o­ehnVi gv��a�s7nVlmgvevnpq���q{n�s©²�¤|� ��a�´¥ehwrl�z
�vw{zVldcfqr�Fw{l¥s7q{ ¥��a�cTs©��npb�b�w{l�z�nVb�gvwrnpl®�pw¸¤ aV¤/gj��a�s7 �eveha9lmgZw{l=gv��a�gHy n�a9l�a9ehzVw{¿9at�=b��dc��va9�
stcfl|��a=gv �evl�at��npl§cfl¥��np»·cflm³�gjw{i�a«�� �evw{l�z�gj��a

60◦
w{lmgja9e	¨pc�q¸¤�� ��w{��o­atcfgv �eva�yTw{q{q

��a� ��ja9� o¯nVe«�m³��vgva9eva9�vw{�	�1cfl¥� bVyTi+s7nVl�gjevnpq¸¤K�~g=y�wrq{q���a��v��ntyTl ��a9q{n�yßgv�dcfg«gv��a
np �gjb� �g�¨VnVq¬g�cfzpa9��nVo�gj��a�w{lm¨�a9e	gja9e�l�n�g�nVl�q{³���a9b�a9l¥�4npl4gv��a���s©�H�vnp �ejs7a�¨�npq{g©c�zpa�cfl¥�
gj��a1evn�gjnpeTb�nV�vw¬gjw{nVl®���� �g�cfq{�jn�nVl�gv��a1¨pcfqr �a=npoZgj��a1�dc�s©²Âa9i�o�" ��cfl¥�ÂyT��a7gv��a9eTgv��a
b��dcf�va1s7 �eveva9l�gj�Tcfeva�¿9a9ehn�nVe$l�npl�¿9a9evn�¤


Fw{zp �eva¦ù¥¤{öt�·�v��n�y�����n�y gv��a§s7wrevs7 �w¬g>wrlÏ´¥zp �eva§÷�¤úù q{n�np²��>q{w{²Va¦wrlÜa�c�s©�
60◦w{lmgja9e	¨Vcfq
y���a9l§gj��a@�hy�w¬g©s©��a9�1cfeva«´¥evat�Kcps9s7npej��w{l�z>gvn�gj��a@�vat¶m �a9l¥s7akw{l§g�cf��q{a�÷�¤{öV¤

� ��a��hy�w¬g©s©��a9�Tc�l��>gv��a���wrn���a9��cfeva1cf�v�j �i�at��gjnk��a�wr��a�cfq���a7¨�wrs7a9�t¤
��b��dc��va�s7 �eveha9lmg$gv�dcfg$wr�$��a9w{l�zkgv �evl�a9�>n�»�y�wrq{q:¤¥nty�gv��evnp �zV��c«o­eha9auy���a9a9q{wrl�z

��w{n���a@y���w{qrakgj��a�s7 �eveha9lmg�w{lKgj��akb��dc��vakgv�dcfg�w{����a9w{l�zÂgj �ehl�at�Knplºw{��evw{�vwrl�zÂo­ehnVi
¿9a9ehn¥¤�
 ��wrs©�@b��dcf�ja$s7 �eveva9l�g\w{�#��a9stct³�wrl�z�c�l¥�1yT��wrs©�@npl�a w{�\ehwr�vw{l�z���a9b�a7l¥���\nVl«gv��a
evn�gjnpe�b�nV�vw¬gjw{nVl®¤k�$��a@wrlm¨Va9ehgva9e��	�ªo­ �l¥sugvwrnplºi= ��hg�l�npg�npl�q¬³¦�j �b�b�q{³¦npl�a�b��dc��vau�~gjnf�
b��dcf�va=��s�¨�npq¬g�cfzVa=c½g�c@gjw{i�aV¤��ªg�i« ��hg�c�q{�vn�g�cf²Va1stcfeva�nVo
gv��a�o­eva9auy���a9a9q{w{l�z���w{n���a
s7 �eheva9lmg�c�l���i�c�²pa1�v �eva�gv�dcfgTw¬g�stc�l�npl�q¬³�¤¥ntyQwrl�npl�a=��w{evatsugjw{npl®¤�^�³Âq{n�np²�w{l�z�c½g
gj��a

0 − 60◦
wrlmgva9eh¨pcfqZw{l¦´¥zp �eva«ù¥¤{öt��w¬g�w{��s7q{a�cfe�gv�dcfg�y���a9l¦gv��ak��w{n���a�su �eveva9l�g�w{�

l�npl�¿9a9evn��/gj��a4b��dc��vau�~gvn��ªb��dcf�va4¨�npq¬g�cfzVa9�«cfeva
vab = vs

�
vbc = 0

cfl¥�
vca = −Vs

¤
 ��a9l�gv��a=��w{n���a=s7 �eheva9lmgT�dcf�Teha�cpsj��at��¿9a9evn��¥gj��a�¨�npq¬g�cfzVa9�
vbc

cfl¥�
vca

y�wrq{q��dct¨Va
c§��w¬»�a9eva9l�g�¨pcfqr �a�yT��wrs©�Ó��a9b�a9l¥����nVl�gj��a>�dc�s©²·a9i�o�"ú�t¤��ªl�b�ejcps�gjwrs7a>gj��a7�ja�gHy n
¨�npq¬g�cfzVa9�«c�eva4l�npg=w{i�b�npehg�cflmg=�� �g=�vw{l¥s7a4gj��a4i�npgvnVe1�hg©cfgvau�ª�jbdc�s7a4i�n���a7q�eva9¶m �w{eva9�
gªy$n@¨VnVq¬g�cfzVa7�=¡

vab
c�l¥�

vbc
£u��gj��a9�va�gHy n@¨�nVq¬g�cfzpa9��i« ��hg���a�²�l�n�y�l|c½gTc�q{qµgjw{i�a9�t¤

�$��a�gHy n«s7w{ejs7 �w¬g�gvnVb�npq{nVzpwra7� wrl4´¥zp �eva�ù�¤rö9�1�dc9¨�a���a7a9l�evat��ejc9y�l�w{l�´¥zp �eha�ù�¤röpö
y���a9eva�gv��aTb��dcf�va9�$cfevaTlm �i«��a9eva9��öV�ø�1c�l¥��÷�¤\� ��aT�dc�s©²ka9iko�"ú� cfeva��j��nty�l���a9eva�cf�
¨�npq¬g�cfzVa��vnV �evs7a9�

e1
�
e2
cfl¥�

e3
�dcfl¥��gj��a�¨VnVq¬g�cfzVa��vnp �ejs7a

vd3
c�sugj�Tcf��c@��w{n���aV¤
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A

B

C

D2

D1

D3

D4

D5

B B

B

B

A

A

A

A

C

C

C

C

C

A

D6

B

60o - 120o0o - 60o

120o - 180o 180o - 240o

240o - 300o 300o - 360o

Vs

Vs

Vs

Vs

Vs

Vs



wrzp �eha�ù�¤rö9��H���w{ejs7 �w¬gTs7npl�´¥zV �ejcfgvwrnpl�w{lÂa�cpsj�
60◦wrl�gja9eh¨pcfq

+−+ −

+
−

+−+ −

+
−

+
−

+
− vd3 vd3

Vs

e1 e3e1 Z Z

Z Z

Z Z

i1 i1i3 i3Vs

1 1

2 2

33

e2 e2

e3

(a) (b)


Fw{zp �eva�ù�¤röpö�H#� ��a�gHy n�s7wrevs7 �w¬g�gjnpb�nVq{nVzpw{a9�To¯evnpi ´¥zp �eva�ù�¤rö9�


 ��a7l>gj��a���wrn���a�s7 �eveha9lmg�w{�$l�nVl�¿7a9evn���gv��a�¨Vcfq{ �a�npo
vd3

w{��¿9a9ehnk�� �g y���a9l>gv��a
��w{n���aks7 �eheva9lmg��dc���eha�cpsj��at�¦¿9a9evn��

vd3
i« ��hg�zVa7l�a9e©c½gja�c�¨VnVq¬g�cfzpa@gv�dcfg�o­npejsua9��gv��a

s7 �eheva9lmg@gvn§eva9i4c�w{l�cfgk¿7a9evn§ �lmgvwrq�gv��a�l�auÝ�gkw{lmgja9e	¨Vcfq �hg�cfehgj�t¤)� ��wr�@¨pcfqr �a�nVo
vd3stcfl|��a«o­np �l¥���m³�w{l��vb�atsugjw{npl¦nVeT�m³�stcfqrs7 �q¾cfgjw{l�z

i3
cf��c4o­ �l¥s�gjw{nVl|nVoZgv��a1¨�npq{g©c�zpa

�vnV �ejs7a9�t�¥�va7gvgjw{l�z�w{gTat¶� dc�qµgjn4¿9a9ehn�cfl¥���vnpq¬¨�wrl�z�o¯nVe
vd3
¤�
¥npe�gv��a1s7w{ejs7 �w¬g�w{lÂ´¥zp �eva

ù�¤röpö�¡¸c�£�gv��a�b��dcf�ja��ªgvn��ªb��¥c��va�¨VnVq¬g�cfzpa9����ats7npi�a
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i3 6= 0⇒





v12 = Vs
v23 = 0
v31 = −Vs

i3 = 0⇒





v12 = Vs
v23 = 1

2
(−Vs + e1 + e2 − 2e3)

v31 = 1
2
(−Vs − e1 − e2 + 2e3)

cfl¥�>wrl>´¥zp �eva�ù�¤röpö�¡¢��£�gj��a7³Âcfeva

i3 6= 0⇒





v12 = −Vs
v23 = 0
v31 = Vs

i3 = 0⇒





v12 = −Vs
v23 = 1

2
(Vs + e1 + e2 − 2e3)

v31 = 1
2
(Vs − e1 − e2 + 2e3)

"�n�gja�gj�dc½g�gj��a��v �i npoµgv��aT¨�npq¬g�cfzVa9��w{�$cfq¬y�c9³���¿9a9evn@cfl¥�4gj�dc½g�gj��a�npl�q¬³���w¬»¼a7eva9l¥s7a
��a7gªy$a9a9l>gv��a�¨�npq{g©c�zpa9��npoFs7w{ejs7 �w{gv�=¡~cV£$cfl¥�º¡ ��£�wr�$gv��a��jw{zpl�npo

Vs
¤

�Hoµgj��a�b��dc��vau�~gjnf�ªb��dcf�ja�¨VnVq¬g�cfzVa7��cfeva�gvn«��a��j �b�b�qrw{at��a7lmgjw{eva9q¬³���³4gj��a�wrl�¨�a9ehgva9et�
gj��a�w{lm¨�a9e	gja9e/�	�ªo­ �l¥sugvwrnpl=i« ��hg
l�n�g
nVl�q¬³�²�l�n�y·y���a9l@c���w{n���a�s7 �eveha9lmg
eva�c�s©��a9�
¿9a9ehn¥�
w¬g�i« ��hg�cfqr�vn�²ml�n�y�gj��a�¨pc�q{ �a1nVo#cfq{q�gj��eha9a1�dcps©²V�ªa9i�o�"ú�t¤$�T����a9�js7evw{��at��w{l|�vatsugvwrnpl
÷�¤ø÷@gv��a�gªy$nkwrl�b� �g�¨�npq¬g�cfzVa9��nVo/gj��a�i�n�gjnpe��vg©cfgvau�ª�vbdcps7a�i�n���a9q/c�eha�gj��a1��w¬»¼a7eva9l¥s7a
��a7gªy$a9a9lKgj��a�b��dcf�ja��ªgvn��ªb��¥c��va�¨�npq¬g�cfzVa9�«cfl¥�Kgv��a�sunVeheva9�vb�nVl¥��wrl�z�b��dcf�vau�~gjnf�ªb��dcf�ja
�dc�s©²��ªa9i�o�" �t¤Q��w{l¥s7a�gj��a|w{lm¨�a7ehgja9e�i= ��hg� ��va�gv��a��dcps©²V�ªa9i�o�¨Vcfq{ �a9��gjn stcfqrs7 �q¾cfgva
w¬gj�knV �gjb� �gj�kw{g�w{�kl�npg4s7npi�b� �g©cfgvwrnpldcfqrq¬³�a�J4s7w{a9lmgkgjn)c�����c�l�n�gj��a9e�s7npi«��w{ldc½gjw{nVl
npo��dc�s©²��ªa9i�o#"ú��w{l��vw¾��a@gj��aki�n�gjnpe���qrn�s©²�¤@� ��akw{lm¨�a9e	gja9e�w{��gv��a9eva9o¯nVeha���a9�vwrzpl�at�¦gjn
stcfq¾su �q¯c½gja�cfl¥�Úb� �g�nV �g�gv��aÂ�hg�c½gja��H�vbdc�s7aÂikn���a9q$wrl�b� �g�¨�npq¬g�cfzVa9��w{l��hgja�c��ÚnpoTgv��a
c�sugj dcfq®b��dcf�vau�~gjnf�ªb��dc��va�¨�nVq¬g©c�zpa9�t¤#�$��a�w{lm¨�a7ehgja9e$np �gjb� �g�gv��a9lÂ��ats7npi�a9�

i3 6= 0⇒





u12 = v12 − (e1 − e2) = Vs − e1 + e2

u23 = v23 − (e2 − e3) = −e2 + e3

u31 = v31 − (e3 − e1) = −Vs − e3 + e1

i3 = 0⇒





u12 = v12 − (e1 − e2) = Vs − e1 + e2

u23 = v23 − (e2 − e3) = 1
2
(−Vs + e1 − e2)

u31 = v31 − (e3 − e1) = 1
2
(−Vs + e1 − e2)

o­npe$gv��a�s7w{ejs7 �w¬g�wrl>´¥zp �eva�ù�¤rö9�¥¡¸c�£��dcfl¥�
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i3 6= 0⇒





u12 = v12 − (e1 − e2) = −Vs − e1 + e2

u23 = v23 − (e2 − e3) = −e2 + e3

u31 = v31 − (e3 − e1) = Vs − e3 + e1

i3 = 0⇒





u12 = v12 − (e1 − e2) = −Vs − e1 + e2

u23 = v23 − (e2 − e3) = 1
2
(Vs + e1 − e2)

u31 = v31 − (e3 − e1) = 1
2
(Vs + e1 − e2)

o­npe\gj��a�s7w{ejs7 �w¬g�w{l�´¥zp �eha�ù¥¤{öt��¡ ��£�¤Z�$��a�w{lm¨�a9e	gja9e�c�sugj dcfq{q{³kb� �gj��np �g�nVl�q¬³@gªy n�¨�npq{g	�
cfzVa9���� �g�gj��a�at¶m dc½gjw{nVl���npo®cfqrq¥gv��eva9a�¨�npq¬g�cfzVa9��i« ��hg���aT²�l�n�y�l4o­nVe\gj��aT��a9ehw{¨pc½gjw{nVl
npo\gv��akc��ú�®�ús1¨VnVq¬g�cfzVa7��¤�"�nty gj�dc½g�gj��a1¨�npq{g©c�zpa9�

u12
�
u23

c�l��
u31

�dc9¨�a=��a9a9l§��au�
evw¬¨�a9�µ��gj��a�l� �i«��a9eh��öV�ø���ú÷�cfeva�eva9b�q¾cpsuat�>�m³�c�� �®�øs�w{l�gj��a�c�b�b�ehnVb�ehw¾cfgja�npej��a9e9¤#� ��a
eva7�j �q¬gjw{l�z�w{lm¨Va9ehgja7e$¨�npq¬g�cfzVa9�Tc�eha��j��nty�lÂwrl>g�cf��q{a�ù�¤ ��¤

�
c���q{a�ù�¤ �¥H\�Hl�¨�a9ehgva9e�np �gjb� �g�¨�npq{g©c�zpa9�
�\q¸¤\��l�zVq{a �Tw{n���a«�� �eveha9lmg

vab − eab vbc − ebc
0◦ − 60◦

ic 6= 0 Vs − ea + eb −eb + ec
ic = 0 Vs − ea + eb

1
2
(−Vs + ea − eb)

60◦ − 120◦
ib 6= 0 −ea + eb Vs − eb + ec
ib = 0 1

2
(Vs − ea + ec)

1
2
(Vs − ea + ec)

120◦ − 180◦
ia 6= 0 −Vs − ea + eb Vs − eb + ec
ia = 0 1

2
(−Vs + eb − ec) Vs − eb + ec

180◦ − 240◦
ic 6= 0 −Vs − ea + eb −eb + ec
ic = 0 −Vs − ea + eb

1
2
(Vs + ea − eb)

240◦ − 300◦
ib 6= 0 −ea + eb −Vs − eb + ec
ib = 0 1

2
(−Vs − ea + ec)

1
2
(−Vs − ea + ec)

300◦ − 360◦
ia 6= 0 Vs − ea + eb −Vs − eb + ec
ia = 0 1

2
(Vs + eb − ec) −Vs − eb + ec

ð î�æ Á �t� Á ��ô Å è¾�t� ädÁ � Ä�á � � �ªõÂ�d�½Æ ó ��Å�í
íFá î äÚê�á¯ä î��dè
�ªl>��³��hgja9eha9�jw{�	��c�l¥��b�yTißs7nVlmgvevnpq�gj��a�s7 �eveha9lmg$w{l�gv��a�a9l�a9ehzVw{¿9at��b��dcf�va9�$w{� gj �ehl�at�
npl)cfl¥�§n�»Z�µ ��v dc�q{q¬³ºc½g1c���w{zV�Kejcfgjap¤@� ��w{��w{��stcfq{qrat�Ks©��npb�b�w{l�z�¤k��c�ev�Ks©��nVb�b�w{l�z
i�a�cfl��4gv�dcfg4gv��a� �b�b�a9e�c�l��Óqrnty a9e4�	yTw¬g©s©�Ïc�eha|��ehw{¨Va9l��m³�gj��a��©c�i�a�s©��nVb�b�w{l�z
�vw{zVldcfq~¤Z��l�npgj��a9e�y�c9³�npo/s©��nVb�b�w{l�z@w{� �vnVo¾g�sj��nVb�b�wrl�z�¤#�ªl��vnpo¯g$s©��npb�b�wrl�z¥��nVl�q{³4gv��a
 �b�b�a9e �	yTw¬g©sj�>w{����evw¬¨�a7l>�m³4gj��a�s©��npb�b�w{l�zk�vw{zVldcfq®c�l¥��gv��a�qrnty a9e �hy�w¬g©s©��wr�$q{a9o¾g�npl
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øù�Bq�i�k l^mdiGo�p�qsrdtãúMq�i,tÆr�rBu~k û:rdtÆrd�&q�m��~�&q#tÉ��}±l´mdi$r � r�l�odtÆr6qsr�lsqsr�u×�~��q�i$rüx�} u�m � �dqs�,t �hji$rÅm����&q�tÆ�~}%} r�u<�(odt{k¾o�x�} r�l�odtÂrüq]�,tÂý��$r�únl�p(r�r�u.o��$uþp(�(l#k q�k �~� � hji$r×mdiGo�p&qsrdt¹lsqvodtÉq]lËnk q#i6i�zGl]qvrGtÂr�l#k lÊxGo��$u6m����&q�tÆ�~}¥����}%} ��ËÄr�uüx�zBp���} l´r¹ËOk|u(q#i � �¥u���}|o&q�k �~�µÿ´p�Ë ��� m��~�&q�tÆ�~}o��$uµ�(odt{k¾o�x�} r�u�m�³�}'ky���Ê�G�~} qvo$Í�r�m��~��q�tÉ��} � haiGr�u~k û:rdtÂrG�&q � r#q#i��-u�l�odtÂr�qsr�lsqsr�uüo��$uBq�i$rtÂr�l#��} q]lnu~k l´md��lvl´r�uBo��$u6m�� � pGodtÂr�u � hji$r��ÏtÂr�ý��$rd�$m�z�l�p(r�m#q�tI� � �d�Mq#i$rÊu�m�³¦}Ãky����md��tItÂrd�&qk l�m�o,} md��}|o&qsr�u×o,�$uüq�i$rµr#û:r�m#q�q�iGo&q¹q#i$r6u~k û:rdtÂrd�&q�m#���&q�tÆ�~}�qsr�mdi���k|ý��$r�l�iGo��dr��~�Åk q�k lky���Gr�lsq�k Í�o�qsr�u �
���&� ��� �¼.
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��³��hgva9eva9�vw{�=�dcfl¥�·s7nVl�gjevnpq�wr�1nVl�a4nVo�gj��a4�jw{i�b�q{a9�hg«s7qrnp�vat���ªq{n�npb�s7nVl�gjevnpq��js©��a9i�a9�t¤
�ªl)�m³��hgja9eha9�vwr�1�dc�l¥�)s7nVl�gjevnpq¸�
gv��a�¨Vcfq{ �a�npo gv��a�sunVlmgvevnpqrq{at�º¨pc�ehw¯cf��q{a�w{�=o­npejs7at�Kgjn
�hg�c9³�y�w{gv��wrl�s7a9ehg©c�w{l�qrw{i�w¬gj�«¡¢�m³��hgja7eva9�vwr���dcfl¥�d£�c�ehnV �l¥��ckeva7o­a9eva9l�s7a�¨pc�q{ �aV¤�����cfl
auÝ¥cfi�b�q{aV�mgvn«s7nplmgjehnVqdi�npgvnVe��jb�a9a9�µ�mgj��aTi�n�gjnpe�w{��gv �evl�at�4np»Âwro¼gv��a��vb�a9at�4eva�c�s©��a9�
c1s7a9e	g�cfwrl�qra7¨Va9qµcf��n�¨�a�gj��aTeva9o­a7eva9l¥s7a��vb�a9at��cfl¥�4gv �evl�at�4�dcpsj²�npl4y���a9l�gv��a��vb�a9at�
o cfq{qr�1��a9q{nty cÂsua9ehg�cfw{l)q{a7¨�a9q#��a9q{n�y gv��a4eva9o¯a9eva9l¥sua4�vb�a9at�µ¤��$��a4��e©c7y��dcps©²¦nVo�gv��a
�m³��hgva9eva9�vw{���¥c�l¥�Ús7nVl�gjevnpq gvats©��l�wr¶m �a�c�eha�gj��a>��w{zp��cfl¥�Ú �l¥sunVlmgvevnpqrq{at�Ú�	y�w{gjs©��w{l�z
o­ehat¶m �a9l¥s7w{a9�«y���a9lÓc|ldcfevevnty �m³��hgja7eva9�vw{�k�dcfl¥��w{�k ��vat��cfl¥��q¾c�ehzVa�evw{b�b�qra7�@y���a9l
gj��a���³��hgja9eva7�jw{���dcfl¥�ºw{��y�wr��a9e�C{öpö�E~¤��$��a� �l¥s7a7ehg�cfw{l)�	yTw¬g©sj��wrl�z�o­ehat¶m �a9l¥s�³Ki4c�²Va
´¥q¬gja9ehwrl�z¦npoTcps7np ��hgjwrs��1cfl¥�·a9qrats�gjevnpi�cfzVl�augjwrs�l�nVw{�va>��wæJ�s7 �q¬g�C%��Eª¤§�$��a��	y�w{gjs©��w{l�z
i�a7gv��n��> ��vat�>��a9eva�wr�$gj��a��vnVo¾gTs©��npb�b�w{l�z4i�a7gv��n��µ��w¸¤ aV¤#npl�q{³�gj��a� �b�b�a9e��	yTw¬g©sj��w{�
gj �ehl�at�=nVlkc�l¥�«n�»�y���wrq{a�gv��a q{nty$a7eZ�	y�w{gjs©�@w{�Zq{a9o¯gZnVl®¤
�$��w{�Zi�a7gv��n��«b�evn��� ¥s7a9�\q{a9�v�
gjnpej¶� �a�evw{b�b�q{a�cfl¥�kqra9�v�#�	yTw¬g©s©��w{l�z�q{nV�v�va9�\gj�dcfl�gv��a��dcfej��s©��npb�b�w{l�z�i�a7gj��n��µ¤#��l�q¬³
gjnpej¶� �a>sunVlmgvevnpq$c�l¥�·�vb�a9at��s7nplmgjehnVq�w{�@w{i�b�q{a9i�a9lmgvat� ��a9evaV¤K� ��a�eha�c��vnpl�w{�«gv�dcfg
w{o�b�nV�vw¬gjw{nVl)s7nVlmgvevnpqZy a9evakgjnÂ��a4w{i�b�q{a9i�a7lmgjat�Kw{lºgj��a4�©cfi�a@y�ct³Kc���gj��akgjnpej¶m �au�
cfl¥�Kgj��a�b�nV�vw¬gjw{npl s7nplmgvevnpq~�/w¬g�y np �q¾�KnVl�q¬³K��a4b�np�v�vwr��q{a���³ºsunVl��hg�cflmgvq{³Keha7¨�a9eh�jw{l�z
gj��aÂevn�gjnpe4�vb�a9at�Ó�vnKgj�dc½g4gj��a�ehnpgvnVe�c�l�zpqra>y$np �qr���vg©ct³·yTw¬gj��w{l�zºgj��a���³��hgja9eva7�jw{�

÷��
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�dcfl¥�µ¤�� ��w{��wr��l�n�g�c4b�e©c�sugjwrstcfqF�vnpq{ �gjw{nVlKcfl¥��w{gTy np �q¾��b� �g���w{zV�|�vgveva9�v��npl¦��n�gj�
i�atsj�dc�l�wrstcfq®bdc�e	gj�Tc�l��>a9qrats�gjevnpl�wrs���a7¨�wrs7a9�t¤
� ÓsÔÄÓ]Ô Õ [»ò
	$P Y�� [�R E ò�[ G
�ªlÏgj��w{�Âs7nplmgvevnpq��js©��a9i�aV��cf�>w{lÜgv��a¦nVl�a9��b�eva9�va9l�gjat�Ü��a7qrnty=��npl�q{³�nVl�aKs7 �eheva9lmg
s7nplmgjehnVq{q{a9e«w{�@ ��vat�µ¤¦�$��w{�@�hgjejcfgva9z�³m�Z�v �zpzpa9�hgjat��c�l¥�·b�eha9�va9lmgjat�·w{lþCú÷GEª�Zw{�«�jw{i�b�q{a
cfl¥�>ct¨VnVwr���$��wæJ�s7 �q{g$�va9l��vw{l�z@npo®gj��a���s©�Hq{w{l�²�s7 �eveha9lmg�¤Z���vwrzpldcfq¼at¶m �w¬¨pc�q{a9lmg gvn«gv��a
��s��ªq{wrl�²|su �eveva9l�g�w{���v³�lmgj��a9�vw{¿9at�|o­evnpiýgj��a«i�a�cf�v �eva9ika9lmg�npo\gªy$n�b��dc��va@s7 �eveha9lmgj�t¤
� l�ats7a9�v�©c�e	³�s7nVl���w{gvwrnpl�o­npe�gj��a�¨pc�q{wr��w{gH³ÂnpoFgj��w{�Ti�a7gv��n���w{��gj�dc½g�gj��a��j �iýnpoFgv��a
b��dcf�va�s7 �eheva9lmgv�«w{�«¿9a9ehn¥¤|� ��w{�«i�a7gj��n����«�v �w¬gj�=gv��a���q¾��s�iknpgvnVe= ��vat�)��a9eha>c��=w¬g
w{��c«gj��eha9a�b��dc��va��hg©c�e!�!sunVl�l�ats�gjat�Âi�n�gjnpe y�w{gv�|cfl� �l�zVehnV �l¥��a9��l�a9 �gve©cfq®b�nVw{lmgt¤��
��s��ªq{wrl�²�s7 �eheva9lmg�eva9o¯a9eva9l¥s7aT¨pc�q{ �a�wr� ��a9ehw{¨Vat��o­evnpi gj��a�eva9o­a7eva9l¥s7aTgjnpej¶m �aT ��jw{l�z=gv��a
evatc�q¾cfgvwrnpl��v��w{b
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� ��a��m³��hgja7eva9�vw{�#�dc�l��4sunVlmgvevnpq¥w{�#a�cf�v³=gjn�w{i�b�q{a9i�a9lmgZyTw¬gj�4c�eha9q¾ct³«��qrn�s©²kcf�#�j��n�y�l
w{l|´¥zp �eva@��¤{öV¤�� ��a« �b�b�a7e�cfl¥��gj��a«q{nty$a9e�q{w{i�w{gv��cfeva=gv��a«eha9o­a9eha9l¥s7a@s7 �eheva9lmg�b�qr ��
cfl¥�ki�w{l� ����¥c�q{o�nVo�gv��a��m³��hgja9eha9�vwr�#�dcfl¥�keva9�vb�atsugjw¬¨�a7q{³�¤�
 ��a9lkgj��a�s7 �eheva9lmg#eva�c�s©��a9�
gj��a@ �b�b�a9e�qrw{i�w¬g��¼gj��a@eva9q¾c9³|��q{n�s©²�b� �gj��nV �g=c���w{zV�K�vw{zpldc�qFgvn�gj��aks7nplmgjehnVqZ��qrn�s©²
y���w¾sj��zpa9l�a9e©c½gja9�4sj��nVb�b�w{l�zK�vwrzpldc�q{��o­npe@gj��aÂw{lm¨�a9e	gja9e9¤8
 ��a9l�gj��aÂs7 �eveha9lmg�o cfq{qr�
��a9q{ntyXgj��a«qrnty a9e�q{w{i�w¬g���gj��a«nV �gvb� �g�npo#gj��a@eva7q¯c9³|��q{n�sj²�wr��c�q{nty'�vw{zpldc�q#cfl¥�|gv��a
s7nplmgjehnVqµ��q{n�s©²��hgjnpb��$gj��a�s©��npb�b�w{l�z�nVb�a9ejcfgvwrnpl�npo/gj��a�w{lm¨Va9ehgja7et¤
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Firing Signals

Vs
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Inverter block
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Firing Signals

Control block
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Position
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BLDC motor block
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w{zV �eha=��¤rö(H���³��hgva9eva9�vw{�$gjnpej¶m �a�s7nplmgvevnpq®�h³��hgja9i


wrzp �eha«��¤ �@�v��n�y���gj��a�a9q{atsugvevwrstcfq�gjnpej¶� �a�yT��a9l�gv��a�eva7o­a9eva9l�s7a�¨pcfqr �a�w{�

0.2 mNmcfl¥�Kq{nmc��§gjnpej¶m �a�a9¶m dcfq\gjn>gv��a�eva9o¯a9eva9l¥sua�¨pcfqr �a�w{�=c�b�b�qrw{at�·c½g
0.05 s

¤^
 w¬gj��np �g
c@gjnVev¶m �a=s7nplmgjehnVq{q{a9et�dgv��a=a9q{atsugvevwrstcfq/gjnpej¶� �a�y$np �qr��evatcps©�

0.5 mNm
cfgTgj��a1�vg©c�e	g
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�� �g�w¬g1l�a7¨Va9e�zpn�a9�=c���n�¨�a@gj��a� �b�b�a9e�q{w{i�w¬g1npo�gj��ak�m³��hgja9eha9�vwr���dcfl¥�µ¤4�$��a@y�wr��gj�
npo�gv��a>�m³��vgva9eva9�vw{�k�dcfl¥����a9eva�wr�

10%
npo�gj��a>eha9o­a9eha9l¥s7a�¨pc�q{ �aV¤ª
 ��a9l gj��a>q{n�cp�

gjnpej¶� �a4w{�«cfb�b�q{wra9�µ�/gj��a�a9q{atsugjehw¾stcfq#gvnVev¶m �a�eva9i�cfw{l���gj��a��©c�i�a��vnÂgj��a��vb�a9at�ºo cfq{qr�
��ntyTlkgjn�¿9a9evn1c��#�v��n�y�l�wrlk´¥zp �eva���¤ø÷�¤Z�ªlkgj��w{��s9c��va$gj��a�s7npi�i« �g�c½gjw{npl�evw{b�b�q{a9��c�eha
l�n>q{nVl�zpa9e1c�b�evnp��q{a9i�¤@� ��akevw{b�b�q{a9��b�ehn��� �s7at�K�m³�gj��wr��s7nplmgjehnVqZ�hgjejcfgva9zp³|�dc9¨�a4c
i« ¥sj��q¾cfevzpa9e�w{i�bdc�sug���a9�vb�ats7w¯cfq{q{³�yT��a7l�gv��a���³��hgja9eva9�vw{���dcfl¥�Âwr�$y�wr��aV¤�

wrzp �eva=��¤úù
�v��ntyT�$gj��a�b��dc��va�s7 �eveha9lmgj�t¤
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�hgja9b
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wrzp �ehaK��¤ �º�v��ntyT��gj��a���q¾��s�i�n�gjnpe�yTw¬gj� cº�m³��hgja9eha9�vwr���vb�a9at�Ïs7nplmgjehnVq{q{a9et¤Q� ��a
b�evw{l¥s7w{b�q{a=w{���vw{i�wrq¾cfe�gjn�gj��a1npl�a=w{l�gj��a�gjnpej¶� �a=s7nVl�gjevnpq/�js©��a7i�a«��a9�js7evw{��at��w{l�gv��a
b�evau¨�wrnp ����vatsugvwrnpl®¤���a9eha=gv��a«ehnpgvnVe��vb�a9at�|w{��o­a9��gjn�gv��a«eva7q¯c9³���qrn�s©²�¤��$��a= �b�b�a9e
cfl¥�Kgj��a4q{n�y a9e1q{w{i�w¬gj�1nVo�gv��a4eva9q¾c9³K��q{n�s©²ºcfeva4w{lºgj��w{�«s9c��va�gj��a4�vb�a9at�ºeva9o­a7eva9l¥s7a
¨pc�q{ �aÂb�qr ���c�l¥�Úi�w{l� ����dc�q{o�nVoTgj��aÂ�m³��vgva9eva9�vw{�4�¥c�l¥� yTwr��gj��eva9�vb�atsugjw¬¨�a7q{³�¤�� ��a
y�w¾��gv�ÂnVo/gv��a��m³��hgja9eha9�vwr���dcfl¥�>wr��l�nty

1%
npo/gj��a�eha9o­a9eha9l¥s7a��vb�a9at�µ¤

�$��a�b�np�vw{gvw{nVl��vwrzpldcfq$s7nV �q¾� ��a� ��vat�·gjn§s9c�qrs7 �q¾cfgva�gj��a�evn�gjnpe«�vb�a7at� �� �g@gv��a
c�sugj dcfq®evn�gjnpe��vb�a9at�>w{�� ��vat�>��a9eva���w{eva9sugjq¬³>�vw{l¥s7a�w¬g�w{�Tc�q{eva�c���³Âct¨pcfwrq¾cf��q{a�o­evnpi gv��a
�hg�c½gjau�ª�vbdc�s7a���q{n�s©²�¤��/n4stcfqrs7 �q¯c½gja�gj��a�b�np�vw{gvwrnpl��jw{zpldc�q®o­evnpi gv��a�evn�gjnpe��jb�a9a9�|cfl¥�
gj��a7l·s9c�qrs7 �q¾cfgva�gj��a��vb�a9at�ºo¯evnpiÕgj��a�b�np�vw{gvwrnpl)�vwrzpldcfqZy$np �qr�º��a�c�lº �l�l�atsua9�j�©cfeh³
s7npi�b� �g�c½gjw{npldc�q#�� �ej��a9l®¤���b�e©c�sugjwrs7aV��y���a9l)w{i�b�qra7i�a9lmgvwrl�z��jb�a9a9����cfl¥�ºb�nV�vw¬gjw{nVl
s7nplmgjehnVq¸����w{zp���ªeva9�vnVq{ �gvwrnpl�b�np�jw¬gjw{npl��va9l��vnVeh��cfeva� ��vat�µ¤

Relay

Firing Signals

Vs
uab,ubc

Inverter block

Vs

DC source
voltage

Position

chop
Firing Signals

Control block
uab,ubc

Position

wm

BLDC motor block


Fw{zp �eva1��¤ø�~H#��³��hgja9eha9�vwr���vb�a9at�Âs7nVl�gjevnpq®�h³��hgja9i


wrzp �eha|��¤øû§�v��ntyT�kgv��aÂevn�gjnpek�jb�a7at��y���a9l�c¦qrn�c��ÚgvnVev¶m �aÂw{��c�b�b�qrat�Óc½g

0.01 s
¤

� ��a¦eva9o¯a9eva9l¥sua§�vb�a9at�Ïw{�
20,000 rpm

cfl¥��gv��a¦i�cfzpl�w{gv ¥��a¦nVo�gj��a¦q{n�cp�Ïw{��gj��a
i�c�Ý�w{i« �i s7nplmgjw{l� �np ���qrn�cp��cfqrq{nty$at�X¡

0.23 mNm
£�¤ß����s9c�l ��aº�va9a9l�w{l gj��a

´¥zp �evaV��gj��a�o­ehat¶m �a9l¥su³>nVo
gj��a1�vb�a9at��ehwrb�b�qra9�Tw{l¥s7eva�cf�va9��c�o¾gja9e�gv��a1q{n�cp���hgva9b®¤ � ��wr�
s©�dcfl�zpa«npo\o­evat¶� �a9l¥su³>yTw{q{qF��a=w{lm¨�a9�hgvwrz�cfgvat�|w{l¦�vats�gjw{nVl§��¤ ù¥¤�� ��a«�vb�a9a9�|��nty$a7¨Va9et�
�hg�c9³�� y�w¬gj��w{lÂgj��a��m³��hgja9eha9�vwr���dcfl¥��cfevnp �l¥��gj��a�eha9o­a9eha9l¥s7a�¨pcfqr �ap¤


Fw{zp �eva���¤y���v��ntyT��gj��a�a9q{atsugvevwrstc�q�gjnpej¶m �ap¤\�$��a�gjnpej¶� �a�evw{b�b�q{a9��c�eha��vgvevnpl�z�cfl¥�
gjejc�l��vw{a9lmgvq{³¦zpn�c�q{qZgj��a«y�c9³§��nty�l§gjn>¿9a9evn�gjnpej¶m �aV¤k^�a9o¯nVehakgv��akq{nmc��§wr�1cfb�b�qrw{at�µ�
gj��a«gjnpej¶m �a@wr��npl�q¬³¦ldc�ehevnty'�jb�w{²Va7���� �g�y���a9l§gj��a@qrn�c��Kw{�1cfb�b�qrw{at�µ�µgj��akl�nVl�¿9a9ehn
gjw{i�aknVo�gj��akb�a9evw{n��K��ats7nVika9�1q¾cfevzpa9e�gv�dc�lKgv��a�¿9a9ehnÂgvwrikaV¤4�$��a���s��ªqrw{l�²§s7 �eheva9lmg
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�©c�ika�o­ehat¶m �a9l¥su³>s7nplmgja7lmg�¤#
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� ��a�s7 �eheva9lmg�s7nVl�gjevnpq{qra9e$wr�Tckx#��s7nVl�gjevnpq{qra9eTcfl¥�>w¬gj����a7�jw{zpl�w{���dcf�vat�>nVl�c@s7 �eheva9lmg
s7nplmgjehnVq{q{a9e�o­nVe1c>��s@i�n�gjnpe�b�eha9�va9lmgjat�§wrl¡CúûGEª¤k� ��a4��a9�vw{zVlº�hg�cfehgv���m³¦�va9qra9sugjw{l�z|c
��a9�vw{evat��evw{�va�gvwrika

tre
o­npe�gj��a�s7 �eheva9lmgt¤\
�evnpi gj�dc½g���c1s7nVl��vg©c�l�g

αe
��wr� ��a7gja7evi�w{l�at�

cf�

αe =
ln 9

tre

¡¸��¤ø��£
cfl¥��gj��a�s7nplmgjehnVq{q{a9e�bdc�ejc�i�augja9ev��o¯nVq{q{n�y cf�



KMLONQPSR�TVU��,Y Ka_a\^R�U¹_�¸ ù��

kp = αeL
¡¸��¤ú÷m£

ki = αeR.
¡¸��¤ ù�£

� ��a��ja7qrats�gjat�Âehwr�va�gvwri�a�wr�
0.1 ms

y���w¾sj�Â³�w{a9qr���

kp = 2.00 · 103

ki = 2.75 · 105

� ��a4sunVlmgvevnpqrq{a9e1c�q{�vnÂ ��va9���dc�s©²��Hstcfqrs7 �q¯c½gjw{nplºgjn>b�eva7¨Va9lmg�w{lmgja9zpe©c½gjnpe�yTw{l¥�� �b�¡¢�va9aCúûGE¢£�cfl¥���dcf�>cK¨VnVq¬g�cfzVa��©cfgv �e©c½gjw{nVl���q{n�sj²Úgj�dc½g�q{wrikw{gv��gj��a|��a9i4c�l¥��at��¨�npq{g©c�zpa
gjn ±6 V

�vn>gj�dc½g�gv��a4s7npi�bdc�ehw{�jnpl§yTw¬gj�§gj��akgvevw¾c�l�zp �q¾c�e�y�c9¨�a@y�w{qrq#zpw¬¨�a4s7npeveva9sug
eva7�j �q¬gj�t¤Â

wrzp �eva���¤rö9���v��ntyT�1gv��a�a9q{atsugjehw¾s9c�q�gvnVev¶m �aV¤Â�$��a4eva9o­a7eva9l¥s7a4gvnVev¶m �a�cfl¥�
gj��a�q{nmc��º�hgja7b)w{�1�hgjw{q{q
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gj��aT�m³��hgja7eva9�vw{�$s7nplmgvevnpq~¤Z�$��a�eha�cf�jnpl�o­npe�gv��wr��w{��gj�dc½g�gv��a�a9q{atsugjehw¾s9c�q¼��³�ldcfi�wrs7�$c�eha
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� ��wr�«s9c�l·��a��va9a9l)�m³ºs7nVikbdc�ehwrl�z�gj��a4b��dcf�ja�s7 �eveva7lmgj�=w{l)´¥zp �eva9�@��¤röt��cfl¥� ��¤ ù¥¤
� ��a�s©��npb�b�w{l�z@l�n�g©s©��a9� zpn«i« ¥s©����a9a9b�a9e�wrl�gj��a�b�y�iØ�js©��a9i�ap¤Z� ��wrzp��a9e �	y�w{gjs©���
w{l�z>o­evat¶� �a9l¥su³�y�w{qrqZb�evn��� ¥s7akq{a9�v��¨pc�ehw¯c½gjw{nVl§wrlKs7 �eveha9lmg1cfl¥�¦gv��a9eva9o¯nVeva@�vi�n�n�gj��a7e
gjnpej¶� �aV¤Z�$��a�evn�gjnpe��vb�a9at�4w{���v��n�y�l�w{l�´¥zV �eha���¤röpö�c�l¥��w{g�o­npq{qrntyT��gv��aT�©cfi�aTs7 �eh¨Va
cf�$gj��a��vb�a9at�Âw{l>gj��a��m³��vgva9eva9�vw{��s7nVl�gjevnpq®�jsj��a9i�aV¤
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� ��a bVyTi �vb�a9at�«s7nplmgjevnpq��h³��hgja9iQw{�Z�v��ntyTl«w{l«´¥zp �eha���¤rö9÷�¤F� ��a s7 �eveha9lmg\s7nplmgjehnVq{q{a9e
w{��gj��a«�©cfi�akcf����a9o­npeva«�� �g�c�x\�$�vb�a9at�¦s7nVl�gjevnpq{qra9e��¥c�����a9a9lKc�����at�µ¤��$��a«�vb�a9at�
s7nplmgjehnVq{q{a9e�bdcfe©cfi�a7gja9eh��c�ehak��a9evw¬¨�at�¦ ��vw{l�z>�vwrikwrq¾cfe�eva�cf�vnVl�w{l�z�c���o¯nVe�gj��aks7 �eheva9lmg
s7nplmgjehnVq{q{a9e�bdc�ejc�ika7gja9eh��wrlºCúûGEª¤\�$��a�bdcfe©cfi�a7gva9ev�Tcfeva�stcfq¾su �q¯c½gjat��cf�

kp = αωJ
¡¸��¤ø��£

ki = αωkf
¡¸��¤úûm£
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 �Í�vb�a9at��sunVlmgvevnpq®�h³��hgja7i

��a7ghgjw{l�z
αω = αe

zVw¬¨�a7��gv��a�o­npqrq{ntyTw{l�z�bdc�ejc�i�augja9ev�&H
kp = 1.10 · 10−5

ki = 3.03 · 10−4

� ��a�eha9o­a9eha9l¥s7a��vb�a9at�§wr�
20,000 rpm

c�����a9o­npevaV¤�

w{zV �eva���¤rö7ùÂ�v��ntyT��gj�dc½g�gj��a7�ja
s7nplmgjehnVq�bdcfe©cfi�a7gva9ev�Fb�ehn��� ¥sua�c��ji4c�q{q�n½¨Va9ev�v��nmnpgFw{l«�vb�a9at�@c�l¥��gj��a9eha$cfqr�vn�c�b�b�a�c�eh�
gjn���a#�jnpi�a#�hgva�cp��³��hg©cfgva�a7evevnpet¤/

w{zV �eha9�F��¤{ö���c�l¥�1��¤rö9û��v��nty·gj��a#a9q{atsugvevwrstc�qVgjnpej¶� �a
cfl¥��gj��aTb��¥c��va�s7 �eveha9lmgv��¤Z� ��aTb�y�iØ�� �gH³4su³�s7qraTw{��ö9�p���? �lmgjw{qdgv��aT�vb�a9at�4eva�c�s©��a9�
gj��akeva9o­a7eva9l¥s7ak¨Vcfq{ �aV¤��$��a�b��dcf�va�s7 �eveva9l�gj���j��nty gv�dc½g1w¬g�g�cf²Va9��npl�q{³ºcf��nV �g1npl�a
evn�gjnpe�eha7¨�npq{ �gjw{nVl>gjnkeva�c�s©�Â�hgja�c���³��hg�c½gjaV¤
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��a7ghgjw{l�z
αω = 0.01αe

eva9�v �q¬gj�@wrl�c|i= ¥s©���vqrnty a9e@eha9�jb�npl��va�cf�@�j��nty�l�wrl ´¥zp �eva
��¤rö���¤#� ��a�s7nplmgjehnVq{q{a9e�bdc�ejc�i�augja9ev�Tcfeva�l�nty

kp = 1.10 · 10−7
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αω = αe

£

ki = 3.03 · 10−6

� ��a9eva�w{�@l�n¦n�¨Va9ev�v��n�n�g@��a9eva��� �g«gv��a��vgva�cp��³·�hg©cfgva�a9evevnpe«eha9i�cfwrl��t¤¦���=´¥zp �eva9�
��¤rö9ÿ�c�l¥����¤rö����j��n�y1��gj��a�b�yTi nVb�a9ejcfgvwrnpl���a9zpwrl��Tevw{zp�mg�c½g�gj��a��hg�cfehgTw{l�nVev��a9e�gjn
�vq{n�y���n�y�l>gj��a�ehwr�va�npo/gj��a��vb�a9at�µ¤

`��jw{l�z
αω = αe

w{�$gjnmn�o cf�vgTcfl¥�
αω = 0.01αe

w{���vq{n�y1���vn
αω = 0.1αe

wr�� ��vat�
��a9eha1c��TcksunVi�b�ehnVikwr�vaV¤#� ��a�eva7�j �q¬gjw{l�z4s7nplmgjehnVqµbdc�ejc�ika7gja9eh�Tc�eva

kp = 1.10 · 10−6

ki = 3.03 · 10−5
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�vw{i« �q¾cfgvwrnpl�gjw{i�a�eva7¨Va�cfqr��gv�dcfg�gj��a9eva1w{��ck�vi�cfqrq�n�¨�a9eh�v��n�n�g�cfl¥�Âgv��a1�hgja�c���³Â�hg�c½gja
a9ehevnVe���ats7npi�a9�1�ji4c�q{q{a9e�gj�¥c�lºgv��a4a9evehnVe��va9a9l)w{l)´¥zp �eva���¤ ����¤>

w{zV �eha9�@��¤ ��ö�cfl¥�
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s7nplmgjehnVq{q{a9e�stcfl�l�npgT��a�¨�a9e	³Âo¢c��hgT��atstcf ��va1wro\cfl�n�¨�a9eh�v��n�n�gTn�s9s7 �eh�t�¥gj��a�npl�q¬³�y�ct³
gjn«zpn@s7q{nV�va9e ��n�y�l�gvn=gj��a�eha9o­a9eha9l¥s7a�cfl�zVq{aTy nV �qr����a�gjn«eha7¨�a9eh�jaTgj��a�evn�gjnpe��jb�a7at�µ¤
� ��wr�«��qr��s�i�n�gjnpe«ikn���a9q���nma9�@l�n�g@�v �b�b�npehg«�jb�a7at� eha7¨�a9eh�©c�q¸¤¦�$��a�s7nVl�gjevnpq{qra9e«w{�
gj��a7eva9o­npeva�i4cp��a��vq{n�y�gjnkb�eva7¨Va9lmg�cflÂn½¨Va9ev�v��nmnpgt¤
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Fw{zp �eva1��¤ø��ù�H�x�
��Íb�nV�vw¬gjw{npl�s7nplmgjehnVqµ�v³��vgva9i

� ��a�s7nplmgjehnVq{q{a9e#bdcfe©cfi�a7gva9ev�\ ��vat�k��a9ehaTcfeva$nV��g�c�w{l�at�k��³@ ��vw{l�z�gj��a gjevw¾cfqdc�l��ka9evehnVe
i�a7gv��n��µ¤#`��vw{l�z

kp = 6.59
cfl¥�

ki = 9.10 · 10−8

zpw{¨Va9�/gv��a�zVnmn��1eha9�v �q¬gj�t¤

Fw{zp �eva���¤ø�V���v��nty��/gj��a�evn�gjnpeFc�l�zVq{a c½g
l�nTq{n�cp��nVb�a9ejcfgvwrnpl®¤
� ��a�eha9o­a9eha9l¥s7a�cfl�zpqra�w{�

3600◦
¤\� ��a�a7evevnpe�w{� npl�q¬³�c�o­e©c�sugvwrnpl�npo/c=��a7zVeva7aV¤\

wrzp �eva

��¤ ��û1�v��n�y���gv��a��©cfi�a�gj��w{l�z�yT��a7l�gj��aTi�c�Ý�w{i« �iØs7nplmgvwrl� �nV ���q{n�cp�¦¡
0.23 mNm

£
w{��cfb�b�q{w{at��cfg$gj��a��hg©c�ehgt¤#� ��a�eva9�v �q¬gj�Tcfeva�wr��a9lmgvw¾stcfq¼yTw¬gj�Âb�e©c�sugjwrstcfq{q{³�¿9a9evnka9evevnpet¤
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b�y�iÍsunVlmgvevnpq\�js©��a9ika9��¤@
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b��dcf�va1s7 �eveva9l�gj��eva9�vb�atsugvw{¨Va9q¬³m¤
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w{zp �eva9����¤ø÷p÷1cfl¥����¤ø÷�ù��v��n�y�gv��a�a9q{atsugjehw¾stcfq¥gvnVev¶m �aTc�l¥�@gj��a�b��dcf�vaTs7 �eheva9lmgv�
eva7�jb�ats�gjw¬¨�a9q¬³�¤#�~g�w{��w{lmgja7eva9�hgjw{l�z@gjn@l�npgva�gv�dcfg$gv��a�a9q{atsugjehw¾stcfq¼gjnpej¶m �a���ats7npi�a9��l�a9zf�
c½gjw¬¨�a�o­npe�c��v��npehg\gjw{i�aV¤Z� ��w{���dcfb�b�a9l��\y���a9l�gv��aTc�b�b�qrw{at�k¨VnVq¬g�cfzVa���ats7npi�a9��q{nty$a7e
gj�dcfl�gv��a=b��dcf�vau�~gjnf�ªb��dc��va=�dcpsj²��ªa9i�o!��c�l¥�|s7 �eveva9l�g��hg�cfehgv�TgvnF¤¥n�yQgjn4gv��a1¨�npq{g©c�zpa
�vnV �ejs7a�gj��ehnV �zV�>gj��a�o¯eva9auy���a9a9q{wrl�z4��w{n���a9�t¤
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αω = 0.01αe
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αω = 0.1αe

£�¤Ü��z�c�w{lÓgv��a�eva9�v �q¬gj��cfeva��jw{i�w{q¾c�e�gjnºeva9�v �q¬gj��w{lÓgv��a�b�yTi
s7nplmgjehnVq¸¤
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¡ i4c½Ý�w{i« �i s7nVl�gjw{l� �np ���q{nmc��µ�

0.23 mNm
£u¤\�$��a���atsueva�cf�va�w{lÂ�vb�a9at�>wr��s7npl��vw¾��a9e!�
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thetam step
wm ref
wm I ref

Speed
controller

thetam ref
thetam wm ref

Position
controller

Firing Signals

Vs
uab,ubc

Inverter block

Iref
i Vs

Current controller

Position Firing Signals

Control block uab,ubc
Position
thetam

wm
idc

BLDC motor block



w{zV �eha=��¤úùV÷�HZ}�cfevw{��q{a1��s©�Hq{w{l�²�¨VnVq¬g�cfzpa�b�np�vw{gvwrnpl�sunVlmgvevnpq®�h³��hgja9i
� ��aksunVlmgvevnpqrq{a9e�bdcfe©cfi�a7gja9eh��cfeva=gv��a@�©cfi�akcf����a9o¯nVeha�c�l��|´¥zp �eva7����¤ ùVù>c�l¥�§��¤úù��
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gja7i��t¤#`�l¥��a7�jw{e©cf��q{a�o­eva9¶m �a9l¥su³�s7nVl�gja9lmg$stcfl>s7evatcfgva���w{�vgv �ev�dcfl¥s7a9� w{l�n�gj��a9e�at¶m �w{b��
i�a9l�g«c�l¥�Kqrnp�v�va9�=w{lºgv��a4i�n�gjnpet¤��$��a4s7 �eveva7lmg=��e©c7yTlº�m³§��q¾��ski�npgvnVeh�1w{�1l�n�g@c
b�a9evo¯atsug1��sksu �eveva7lmg�¤«�$��a�s7 �eheva9l�g��dcf��ldcfevevnty'l�npgjs©��a9��yT��w¾s©�)cfeva«gj��akstc� ��vaknpo
gjnpej¶� �a=ehwrb�b�qra9�t¤�� ��a9eva«c�eha=�vw Ý|s7npi�i= �g�c½gjw{nVl��Tb�a9eTa�cpsj�|a9q{atsugjehw¾s9c�q
su³�s7q{a=�vn�w{g�w{�
a�cf�h³�gjn���a9evw¬¨�a�gj�¥cfg�gv��a�o­eva9¶m �a9l¥su³�npo/gj��a�s7npi�i= �g�c½gjw{nVlÂehwrb�b�q{a9��w{�
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Fw{zp �eva���¤úùVû��v��ntyT��c�¿9n�npi�at�@¨�w{auyÏnVo�gj��a�a9q{atsugvevwrstc�q�gjnpej¶m �aTc½g�l�n�q{nmc����vb�a9at�
¡
47,000 rpm

c�b�b�ehn�Ý¼¤ £u¤Z� ��aTl�n�g©s©��a9��w{l4gj��a�gvnVev¶m �a�c�eha�l¥c�ehevnty c�l¥��gv��a9wre���a9b�gv�
w{��c���np �g
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��¤úùVÿ�¤�� ��a@o¯ �l¥�¥c�ika9lmg�cfqFo­evat¶� �a9l¥su³|w{��cfevnp �l¥�

4.7 kHz
y���wrs©�ºcfzVeha9a9��yTw¬gj�|gj��a

¨pc�q{ �a�zpw¬¨�a9l)�m³Kat¶m dc½gjw{nVl���¤y��¤Â� ��a��dcfevi�npl�wrs7�=nVo�gv��a�o­ �l��¥c�i�a7lmg�cfq�o­evat¶� �a9l¥su³
cfeva�¶m �w¬gja��hgvevnVl�z�cf��gv��a�´¥zV �eva��j��n�y��t¤
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