
Circuit electricity 
Low frequency limit 

AC circuits and impedances, RLC circuit and resonance, 
AC power, passive linear filters and Bode plots 

Feynman Vol. II Chapter 22

Reminder from last lecture

Drude model: friction term due to 
collisions, leads to Ohm’s law:

Ohm’s law

microscopic version

Ohm’s law

macroscopic version

conductivity

Electrostatic

I-U relation

capacitor energy (electric)

EM induction

I-U relation

coil energy (magnetic)

charging capacitor 
in RC circuit

establishing current 
in RL circuit

U = L
dI

dt
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<latexit sha1_base64="PiFsHQ3d/OIfR2y3MdK0gsGETWc=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUpYtuFUBTBZQX7gM5QMmnaxmYeJJlCGQb8FTcuFHHrd7jzb8y0FVT0wIWTc+4l9x4vElxphD6s3NLyyupafr2wsbm1vWPv7rVUGEvKmjQUoex4RDHBA9bUXAvWiSQjvidY2xtfZn57wqTiYXCrpxFzfTIM+IBToo3Usw+cCaPJXXruKD70yex1lfbsIiohhDDGMCO4coYMqdWqZVyFOLMMimCBRs9+d/ohjX0WaCqIUl2MIu0mRGpOBUsLTqxYROiYDFnX0ID4TLnJbP0UHhulDwehNBVoOFO/TyTEV2rqe6bTJ3qkfnuZ+JfXjfWg6iY8iGLNAjr/aBALqEOYZQH7XDKqxdQQQiU3u0I6IpJQbRIrmBC+LoX/k1a5hFEJ35wW6xeLOPLgEByBE4BBBdTBNWiAJqAgAQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJDGiWMA==</latexit><latexit sha1_base64="PiFsHQ3d/OIfR2y3MdK0gsGETWc=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUpYtuFUBTBZQX7gM5QMmnaxmYeJJlCGQb8FTcuFHHrd7jzb8y0FVT0wIWTc+4l9x4vElxphD6s3NLyyupafr2wsbm1vWPv7rVUGEvKmjQUoex4RDHBA9bUXAvWiSQjvidY2xtfZn57wqTiYXCrpxFzfTIM+IBToo3Usw+cCaPJXXruKD70yex1lfbsIiohhDDGMCO4coYMqdWqZVyFOLMMimCBRs9+d/ohjX0WaCqIUl2MIu0mRGpOBUsLTqxYROiYDFnX0ID4TLnJbP0UHhulDwehNBVoOFO/TyTEV2rqe6bTJ3qkfnuZ+JfXjfWg6iY8iGLNAjr/aBALqEOYZQH7XDKqxdQQQiU3u0I6IpJQbRIrmBC+LoX/k1a5hFEJ35wW6xeLOPLgEByBE4BBBdTBNWiAJqAgAQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJDGiWMA==</latexit><latexit sha1_base64="PiFsHQ3d/OIfR2y3MdK0gsGETWc=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUpYtuFUBTBZQX7gM5QMmnaxmYeJJlCGQb8FTcuFHHrd7jzb8y0FVT0wIWTc+4l9x4vElxphD6s3NLyyupafr2wsbm1vWPv7rVUGEvKmjQUoex4RDHBA9bUXAvWiSQjvidY2xtfZn57wqTiYXCrpxFzfTIM+IBToo3Usw+cCaPJXXruKD70yex1lfbsIiohhDDGMCO4coYMqdWqZVyFOLMMimCBRs9+d/ohjX0WaCqIUl2MIu0mRGpOBUsLTqxYROiYDFnX0ID4TLnJbP0UHhulDwehNBVoOFO/TyTEV2rqe6bTJ3qkfnuZ+JfXjfWg6iY8iGLNAjr/aBALqEOYZQH7XDKqxdQQQiU3u0I6IpJQbRIrmBC+LoX/k1a5hFEJ35wW6xeLOPLgEByBE4BBBdTBNWiAJqAgAQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJDGiWMA==</latexit><latexit sha1_base64="PiFsHQ3d/OIfR2y3MdK0gsGETWc=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUpYtuFUBTBZQX7gM5QMmnaxmYeJJlCGQb8FTcuFHHrd7jzb8y0FVT0wIWTc+4l9x4vElxphD6s3NLyyupafr2wsbm1vWPv7rVUGEvKmjQUoex4RDHBA9bUXAvWiSQjvidY2xtfZn57wqTiYXCrpxFzfTIM+IBToo3Usw+cCaPJXXruKD70yex1lfbsIiohhDDGMCO4coYMqdWqZVyFOLMMimCBRs9+d/ohjX0WaCqIUl2MIu0mRGpOBUsLTqxYROiYDFnX0ID4TLnJbP0UHhulDwehNBVoOFO/TyTEV2rqe6bTJ3qkfnuZ+JfXjfWg6iY8iGLNAjr/aBALqEOYZQH7XDKqxdQQQiU3u0I6IpJQbRIrmBC+LoX/k1a5hFEJ35wW6xeLOPLgEByBE4BBBdTBNWiAJqAgAQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJDGiWMA==</latexit>

Kirchhoff’s laws:

X

k

Uk = 0
<latexit sha1_base64="hZKIv6Ym3Lc37R7FL43vsc/wjYQ=">AAAB9XicdVBNSwMxEM36WetX1aOXYBE8laSIbUGh4MVjBbcttGvJptk2NMkuSVYppf/DiwdFvPpfvPlvzLYVVPTBwOO9GWbmhYngxiL04S0tr6yurec28ptb2zu7hb39polTTZlPYxHrdkgME1wx33IrWDvRjMhQsFY4usz81h3Thsfqxo4TFkgyUDzilFgn3XZNKnsj6Lu6gKhXKKISQghjDDOCK2fIkVqtWsZViDPLoQgWaPQK791+TFPJlKWCGNPBKLHBhGjLqWDTfDc1LCF0RAas46gikplgMrt6Co+d0odRrF0pC2fq94kJkcaMZeg6JbFD89vLxL+8TmqjajDhKkktU3S+KEoFtDHMIoB9rhm1YuwIoZq7WyEdEk2odUHlXQhfn8L/SbNcwqiEr0+L9fNFHDlwCI7ACcCgAurgCjSADyjQ4AE8gWfv3nv0XrzXeeuSt5g5AD/gvX0CKbuRnQ==</latexit><latexit sha1_base64="hZKIv6Ym3Lc37R7FL43vsc/wjYQ=">AAAB9XicdVBNSwMxEM36WetX1aOXYBE8laSIbUGh4MVjBbcttGvJptk2NMkuSVYppf/DiwdFvPpfvPlvzLYVVPTBwOO9GWbmhYngxiL04S0tr6yurec28ptb2zu7hb39polTTZlPYxHrdkgME1wx33IrWDvRjMhQsFY4usz81h3Thsfqxo4TFkgyUDzilFgn3XZNKnsj6Lu6gKhXKKISQghjDDOCK2fIkVqtWsZViDPLoQgWaPQK791+TFPJlKWCGNPBKLHBhGjLqWDTfDc1LCF0RAas46gikplgMrt6Co+d0odRrF0pC2fq94kJkcaMZeg6JbFD89vLxL+8TmqjajDhKkktU3S+KEoFtDHMIoB9rhm1YuwIoZq7WyEdEk2odUHlXQhfn8L/SbNcwqiEr0+L9fNFHDlwCI7ACcCgAurgCjSADyjQ4AE8gWfv3nv0XrzXeeuSt5g5AD/gvX0CKbuRnQ==</latexit><latexit sha1_base64="hZKIv6Ym3Lc37R7FL43vsc/wjYQ=">AAAB9XicdVBNSwMxEM36WetX1aOXYBE8laSIbUGh4MVjBbcttGvJptk2NMkuSVYppf/DiwdFvPpfvPlvzLYVVPTBwOO9GWbmhYngxiL04S0tr6yurec28ptb2zu7hb39polTTZlPYxHrdkgME1wx33IrWDvRjMhQsFY4usz81h3Thsfqxo4TFkgyUDzilFgn3XZNKnsj6Lu6gKhXKKISQghjDDOCK2fIkVqtWsZViDPLoQgWaPQK791+TFPJlKWCGNPBKLHBhGjLqWDTfDc1LCF0RAas46gikplgMrt6Co+d0odRrF0pC2fq94kJkcaMZeg6JbFD89vLxL+8TmqjajDhKkktU3S+KEoFtDHMIoB9rhm1YuwIoZq7WyEdEk2odUHlXQhfn8L/SbNcwqiEr0+L9fNFHDlwCI7ACcCgAurgCjSADyjQ4AE8gWfv3nv0XrzXeeuSt5g5AD/gvX0CKbuRnQ==</latexit>

X

k

Ik = 0
<latexit sha1_base64="tjVDUDqyx/J6vYE3x7vooYcs1WE=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR24JCwY3uKtgHtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4gENxahDy+ztLyyupZdz21sbm3v5Hf3miaMNWUNGopQtwNimOCKNSy3grUjzYgMBGsF44vUb90xbXiobuwkYr4kQ8UHnBLrpNuuiWVvDK9cnUPUyxdQESGEMYYpweVT5Ei1WinhCsSp5VAAC9R7+fduP6SxZMpSQYzpYBRZPyHacirYNNeNDYsIHZMh6ziqiGTGT2ZXT+GRU/pwEGpXysKZ+n0iIdKYiQxcpyR2ZH57qfiX14ntoOInXEWxZYrOFw1iAW0I0whgn2tGrZg4Qqjm7lZIR0QTal1QORfC16fwf9IsFTEq4uuTQu1sEUcWHIBDcAwwKIMauAR10AAUaPAAnsCzd+89ei/e67w14y1m9sEPeG+fF0ORkQ==</latexit><latexit sha1_base64="tjVDUDqyx/J6vYE3x7vooYcs1WE=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR24JCwY3uKtgHtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4gENxahDy+ztLyyupZdz21sbm3v5Hf3miaMNWUNGopQtwNimOCKNSy3grUjzYgMBGsF44vUb90xbXiobuwkYr4kQ8UHnBLrpNuuiWVvDK9cnUPUyxdQESGEMYYpweVT5Ei1WinhCsSp5VAAC9R7+fduP6SxZMpSQYzpYBRZPyHacirYNNeNDYsIHZMh6ziqiGTGT2ZXT+GRU/pwEGpXysKZ+n0iIdKYiQxcpyR2ZH57qfiX14ntoOInXEWxZYrOFw1iAW0I0whgn2tGrZg4Qqjm7lZIR0QTal1QORfC16fwf9IsFTEq4uuTQu1sEUcWHIBDcAwwKIMauAR10AAUaPAAnsCzd+89ei/e67w14y1m9sEPeG+fF0ORkQ==</latexit><latexit sha1_base64="tjVDUDqyx/J6vYE3x7vooYcs1WE=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR24JCwY3uKtgHtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4gENxahDy+ztLyyupZdz21sbm3v5Hf3miaMNWUNGopQtwNimOCKNSy3grUjzYgMBGsF44vUb90xbXiobuwkYr4kQ8UHnBLrpNuuiWVvDK9cnUPUyxdQESGEMYYpweVT5Ei1WinhCsSp5VAAC9R7+fduP6SxZMpSQYzpYBRZPyHacirYNNeNDYsIHZMh6ziqiGTGT2ZXT+GRU/pwEGpXysKZ+n0iIdKYiQxcpyR2ZH57qfiX14ntoOInXEWxZYrOFw1iAW0I0whgn2tGrZg4Qqjm7lZIR0QTal1QORfC16fwf9IsFTEq4uuTQu1sEUcWHIBDcAwwKIMauAR10AAUaPAAnsCzd+89ei/e67w14y1m9sEPeG+fF0ORkQ==</latexit><latexit sha1_base64="tjVDUDqyx/J6vYE3x7vooYcs1WE=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR24JCwY3uKtgHtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4gENxahDy+ztLyyupZdz21sbm3v5Hf3miaMNWUNGopQtwNimOCKNSy3grUjzYgMBGsF44vUb90xbXiobuwkYr4kQ8UHnBLrpNuuiWVvDK9cnUPUyxdQESGEMYYpweVT5Ei1WinhCsSp5VAAC9R7+fduP6SxZMpSQYzpYBRZPyHacirYNNeNDYsIHZMh6ziqiGTGT2ZXT+GRU/pwEGpXysKZ+n0iIdKYiQxcpyR2ZH57qfiX14ntoOInXEWxZYrOFw1iAW0I0whgn2tGrZg4Qqjm7lZIR0QTal1QORfC16fwf9IsFTEq4uuTQu1sEUcWHIBDcAwwKIMauAR10AAUaPAAnsCzd+89ei/e67w14y1m9sEPeG+fF0ORkQ==</latexit>

for any node for any loop

Transient regime = problems involving 
ordinary differential equations:

Electrical power: P = UI
<latexit sha1_base64="R5jPCuwSZ6gjcp6czUlEeFH81Io=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqSRFbAsKBS96q+C2hXYp2TTbhibZJckKpfQvePGgiFf/kDf/jdm2goo+GHi8N8PMvDAR3FiEPrzcyura+kZ+s7C1vbO7V9w/aJk41ZT5NBax7oTEMMEV8y23gnUSzYgMBWuH46vMb98zbXis7uwkYYEkQ8UjTonNpOalf9MvllAZIYQxhhnB1XPkSL1eq+AaxJnlUAJLNPvF994gpqlkylJBjOlilNhgSrTlVLBZoZcalhA6JkPWdVQRyUwwnd86gydOGcAo1q6UhXP1+8SUSGMmMnSdktiR+e1l4l9eN7VRLZhylaSWKbpYFKUC2hhmj8MB14xaMXGEUM3drZCOiCbUungKLoSvT+H/pFUpY1TGt2elxsUyjjw4AsfgFGBQBQ1wDZrABxSMwAN4As+e9B69F+910ZrzljOH4Ae8t0+xPI39</latexit><latexit sha1_base64="R5jPCuwSZ6gjcp6czUlEeFH81Io=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqSRFbAsKBS96q+C2hXYp2TTbhibZJckKpfQvePGgiFf/kDf/jdm2goo+GHi8N8PMvDAR3FiEPrzcyura+kZ+s7C1vbO7V9w/aJk41ZT5NBax7oTEMMEV8y23gnUSzYgMBWuH46vMb98zbXis7uwkYYEkQ8UjTonNpOalf9MvllAZIYQxhhnB1XPkSL1eq+AaxJnlUAJLNPvF994gpqlkylJBjOlilNhgSrTlVLBZoZcalhA6JkPWdVQRyUwwnd86gydOGcAo1q6UhXP1+8SUSGMmMnSdktiR+e1l4l9eN7VRLZhylaSWKbpYFKUC2hhmj8MB14xaMXGEUM3drZCOiCbUungKLoSvT+H/pFUpY1TGt2elxsUyjjw4AsfgFGBQBQ1wDZrABxSMwAN4As+e9B69F+910ZrzljOH4Ae8t0+xPI39</latexit><latexit sha1_base64="R5jPCuwSZ6gjcp6czUlEeFH81Io=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqSRFbAsKBS96q+C2hXYp2TTbhibZJckKpfQvePGgiFf/kDf/jdm2goo+GHi8N8PMvDAR3FiEPrzcyura+kZ+s7C1vbO7V9w/aJk41ZT5NBax7oTEMMEV8y23gnUSzYgMBWuH46vMb98zbXis7uwkYYEkQ8UjTonNpOalf9MvllAZIYQxhhnB1XPkSL1eq+AaxJnlUAJLNPvF994gpqlkylJBjOlilNhgSrTlVLBZoZcalhA6JkPWdVQRyUwwnd86gydOGcAo1q6UhXP1+8SUSGMmMnSdktiR+e1l4l9eN7VRLZhylaSWKbpYFKUC2hhmj8MB14xaMXGEUM3drZCOiCbUungKLoSvT+H/pFUpY1TGt2elxsUyjjw4AsfgFGBQBQ1wDZrABxSMwAN4As+e9B69F+910ZrzljOH4Ae8t0+xPI39</latexit><latexit sha1_base64="R5jPCuwSZ6gjcp6czUlEeFH81Io=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqSRFbAsKBS96q+C2hXYp2TTbhibZJckKpfQvePGgiFf/kDf/jdm2goo+GHi8N8PMvDAR3FiEPrzcyura+kZ+s7C1vbO7V9w/aJk41ZT5NBax7oTEMMEV8y23gnUSzYgMBWuH46vMb98zbXis7uwkYYEkQ8UjTonNpOalf9MvllAZIYQxhhnB1XPkSL1eq+AaxJnlUAJLNPvF994gpqlkylJBjOlilNhgSrTlVLBZoZcalhA6JkPWdVQRyUwwnd86gydOGcAo1q6UhXP1+8SUSGMmMnSdktiR+e1l4l9eN7VRLZhylaSWKbpYFKUC2hhmj8MB14xaMXGEUM3drZCOiCbUungKLoSvT+H/pFUpY1TGt2elxsUyjjw4AsfgFGBQBQ1wDZrABxSMwAN4As+e9B69F+910ZrzljOH4Ae8t0+xPI39</latexit>

P = RI2
<latexit sha1_base64="0NF82seo2ctjRfRRt7trtSJ5d9E=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSliW1AouNFdFfuAdiyZNNPGZpIhyQil9B/cuFDErf/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0sLi2vrGbWsusbm1vbuZ3dhlGJpqxOlVC6FRDDBJesbrkVrBVrRqJAsGYwPE/95j3Thit5Y0cx8yPSlzzklFgnNWpn15e3xW4ujwoIIYwxTAkunSBHKpVyEZchTi2HPJij1s29d3qKJhGTlgpiTBuj2Ppjoi2ngk2yncSwmNAh6bO2o5JEzPjj6bUTeOiUHgyVdiUtnKrfJ8YkMmYUBa4zInZgfnup+JfXTmxY9sdcxollks4WhYmAVsH0ddjjmlErRo4Qqrm7FdIB0YRaF1DWhfD1KfyfNIoFjAr46jhfPZ3HkQH74AAcAQxKoAouQA3UAQV34AE8gWdPeY/ei/c6a13w5jN74Ae8t0/TgI6e</latexit><latexit sha1_base64="0NF82seo2ctjRfRRt7trtSJ5d9E=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSliW1AouNFdFfuAdiyZNNPGZpIhyQil9B/cuFDErf/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0sLi2vrGbWsusbm1vbuZ3dhlGJpqxOlVC6FRDDBJesbrkVrBVrRqJAsGYwPE/95j3Thit5Y0cx8yPSlzzklFgnNWpn15e3xW4ujwoIIYwxTAkunSBHKpVyEZchTi2HPJij1s29d3qKJhGTlgpiTBuj2Ppjoi2ngk2yncSwmNAh6bO2o5JEzPjj6bUTeOiUHgyVdiUtnKrfJ8YkMmYUBa4zInZgfnup+JfXTmxY9sdcxollks4WhYmAVsH0ddjjmlErRo4Qqrm7FdIB0YRaF1DWhfD1KfyfNIoFjAr46jhfPZ3HkQH74AAcAQxKoAouQA3UAQV34AE8gWdPeY/ei/c6a13w5jN74Ae8t0/TgI6e</latexit><latexit sha1_base64="0NF82seo2ctjRfRRt7trtSJ5d9E=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSliW1AouNFdFfuAdiyZNNPGZpIhyQil9B/cuFDErf/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0sLi2vrGbWsusbm1vbuZ3dhlGJpqxOlVC6FRDDBJesbrkVrBVrRqJAsGYwPE/95j3Thit5Y0cx8yPSlzzklFgnNWpn15e3xW4ujwoIIYwxTAkunSBHKpVyEZchTi2HPJij1s29d3qKJhGTlgpiTBuj2Ppjoi2ngk2yncSwmNAh6bO2o5JEzPjj6bUTeOiUHgyVdiUtnKrfJ8YkMmYUBa4zInZgfnup+JfXTmxY9sdcxollks4WhYmAVsH0ddjjmlErRo4Qqrm7FdIB0YRaF1DWhfD1KfyfNIoFjAr46jhfPZ3HkQH74AAcAQxKoAouQA3UAQV34AE8gWdPeY/ei/c6a13w5jN74Ae8t0/TgI6e</latexit><latexit sha1_base64="0NF82seo2ctjRfRRt7trtSJ5d9E=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSliW1AouNFdFfuAdiyZNNPGZpIhyQil9B/cuFDErf/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0sLi2vrGbWsusbm1vbuZ3dhlGJpqxOlVC6FRDDBJesbrkVrBVrRqJAsGYwPE/95j3Thit5Y0cx8yPSlzzklFgnNWpn15e3xW4ujwoIIYwxTAkunSBHKpVyEZchTi2HPJij1s29d3qKJhGTlgpiTBuj2Ppjoi2ngk2yncSwmNAh6bO2o5JEzPjj6bUTeOiUHgyVdiUtnKrfJ8YkMmYUBa4zInZgfnup+JfXTmxY9sdcxollks4WhYmAVsH0ddjjmlErRo4Qqrm7FdIB0YRaF1DWhfD1KfyfNIoFjAr46jhfPZ3HkQH74AAcAQxKoAouQA3UAQV34AE8gWdPeY/ei/c6a13w5jN74Ae8t0/TgI6e</latexit>

Joule heating



AC circuits and impedances

1. AC circuits and impedances

Alternating current - AC:

‣ Most electrical generators produce sinusoidal signals (AC). Today’s 
generation, transmission and distribution of electrical energy is AC. AC 
signals are therefore of considerable practical importance.

f(t) = A cos!t+B sin!t = fmax cos(!t+ �)
<latexit sha1_base64="TUEpaAW9CrYlyfrJiRtxetFp78g="></latexit><latexit sha1_base64="TUEpaAW9CrYlyfrJiRtxetFp78g="></latexit><latexit sha1_base64="TUEpaAW9CrYlyfrJiRtxetFp78g="></latexit><latexit sha1_base64="TUEpaAW9CrYlyfrJiRtxetFp78g="></latexit>

AC signal:

(can be voltage, current, emf, E-field …)

Complex notation:

with f
0
= fmax e

j�
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f(t) = Re f(t)
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Relation between real and complex signals:

in electricity, the imaginary unit 
number is noted ‘j’ instead of ‘i’ to 
avoid confusion with the current  

f(t) = f
0
ej!t
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1. AC circuits and impedances

‣ AC signals are also important because any periodic signal with period T can 
be written as a discrete sum of AC signals through the Fourier series:

‣ Any signal can be written as a continuous sum of AC signals through the 
Fourier transform:

with !n = 2n⇡/T
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f(t) =
a0
2

+
+1X

n=1

(an cos!nt+ bn sin!nt)

=
+1X

n=�1
cne

j!nt
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f(t) =

ˆ +1

�1
d! c(!)ej!t
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Alternating current - AC:

1. AC circuits and impedances

‣ If a generator in the circuit is suddenly turned on and produces a sinusoidal 
voltage source, a permanent forced sinusoidal regime will be reached after a 
transient period. In this forced sinusoidal regime, all voltages and currents in 
the circuit are sinusoidal with the same frequency as the generator:

Alternating current - AC:

frequency of 
the generator

example:

U(t) = U0 e
j!t
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I(t) = I0 e
j!t
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for any voltage or current in the circuit



1. AC circuits and impedances

‣ For a passive element, we define the impedance as the complex coefficient of 
proportionality between current and voltage:

Impedances:

U = ZI
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1. AC circuits and impedances

Impedances:

U = RI =) U = RI
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Ohm’s law

=) Z = R
<latexit sha1_base64="oKZ8XRvAw1vE467mvfngO/BUW7A=">AAACBnicdVDLSgMxFM34rPVVdekmWARXJSli24VQcKO7KvaBbSmZ9LYNzWSGJCOU0r1f4Fa/wJ249Tf8AP/DTFvBih4IHM65l3Nz/EgKYwn58JaWV1bX1lMb6c2t7Z3dzN5+zYSx5lDloQx1w2cGpFBQtcJKaEQaWOBLqPvDi8Sv34M2IlS3dhRBO2B9JXqCM+ukVksELgUMvju/6WSyJEcIoZTihNDCGXGkVCrmaRHTxHLIojkqncxnqxvyOABluWTGNCmJbHvMtBVcwiTdig1EjA9ZH5qOKhaAaY+nN0/wsVO6uBdq95TFU/XnxpgFxowC300GzA7Mby8R//Kase0V22OhotiC4rOgXiyxDXFSAO4KDdzKkSOMa+FuxXzANOPW1bSQAkYoO0m7Xr4/j/8ntXyOkhy9Ps2Wr+YNpdAhOkIniKICKqNLVEFVxFGEHtETevYevBfv1XubjS55850DtADv/Qt6ZJmT</latexit><latexit sha1_base64="oKZ8XRvAw1vE467mvfngO/BUW7A=">AAACBnicdVDLSgMxFM34rPVVdekmWARXJSli24VQcKO7KvaBbSmZ9LYNzWSGJCOU0r1f4Fa/wJ249Tf8AP/DTFvBih4IHM65l3Nz/EgKYwn58JaWV1bX1lMb6c2t7Z3dzN5+zYSx5lDloQx1w2cGpFBQtcJKaEQaWOBLqPvDi8Sv34M2IlS3dhRBO2B9JXqCM+ukVksELgUMvju/6WSyJEcIoZTihNDCGXGkVCrmaRHTxHLIojkqncxnqxvyOABluWTGNCmJbHvMtBVcwiTdig1EjA9ZH5qOKhaAaY+nN0/wsVO6uBdq95TFU/XnxpgFxowC300GzA7Mby8R//Kase0V22OhotiC4rOgXiyxDXFSAO4KDdzKkSOMa+FuxXzANOPW1bSQAkYoO0m7Xr4/j/8ntXyOkhy9Ps2Wr+YNpdAhOkIniKICKqNLVEFVxFGEHtETevYevBfv1XubjS55850DtADv/Qt6ZJmT</latexit><latexit sha1_base64="oKZ8XRvAw1vE467mvfngO/BUW7A=">AAACBnicdVDLSgMxFM34rPVVdekmWARXJSli24VQcKO7KvaBbSmZ9LYNzWSGJCOU0r1f4Fa/wJ249Tf8AP/DTFvBih4IHM65l3Nz/EgKYwn58JaWV1bX1lMb6c2t7Z3dzN5+zYSx5lDloQx1w2cGpFBQtcJKaEQaWOBLqPvDi8Sv34M2IlS3dhRBO2B9JXqCM+ukVksELgUMvju/6WSyJEcIoZTihNDCGXGkVCrmaRHTxHLIojkqncxnqxvyOABluWTGNCmJbHvMtBVcwiTdig1EjA9ZH5qOKhaAaY+nN0/wsVO6uBdq95TFU/XnxpgFxowC300GzA7Mby8R//Kase0V22OhotiC4rOgXiyxDXFSAO4KDdzKkSOMa+FuxXzANOPW1bSQAkYoO0m7Xr4/j/8ntXyOkhy9Ps2Wr+YNpdAhOkIniKICKqNLVEFVxFGEHtETevYevBfv1XubjS55850DtADv/Qt6ZJmT</latexit><latexit sha1_base64="oKZ8XRvAw1vE467mvfngO/BUW7A=">AAACBnicdVDLSgMxFM34rPVVdekmWARXJSli24VQcKO7KvaBbSmZ9LYNzWSGJCOU0r1f4Fa/wJ249Tf8AP/DTFvBih4IHM65l3Nz/EgKYwn58JaWV1bX1lMb6c2t7Z3dzN5+zYSx5lDloQx1w2cGpFBQtcJKaEQaWOBLqPvDi8Sv34M2IlS3dhRBO2B9JXqCM+ukVksELgUMvju/6WSyJEcIoZTihNDCGXGkVCrmaRHTxHLIojkqncxnqxvyOABluWTGNCmJbHvMtBVcwiTdig1EjA9ZH5qOKhaAaY+nN0/wsVO6uBdq95TFU/XnxpgFxowC300GzA7Mby8R//Kase0V22OhotiC4rOgXiyxDXFSAO4KDdzKkSOMa+FuxXzANOPW1bSQAkYoO0m7Xr4/j/8ntXyOkhy9Ps2Wr+YNpdAhOkIniKICKqNLVEFVxFGEHtETevYevBfv1XubjS55850DtADv/Qt6ZJmT</latexit>

for the resistance



1. AC circuits and impedances

Impedances:

current-voltage 
relation for capacitor

for the capacitor

I = C
dU

dt
=) I = C

dU

dt
= jC!U

=) U =
1

jC!
I

<latexit sha1_base64="eC99LF9uD19aNXszqpFGpI6UiGs="></latexit><latexit sha1_base64="eC99LF9uD19aNXszqpFGpI6UiGs="></latexit><latexit sha1_base64="eC99LF9uD19aNXszqpFGpI6UiGs="></latexit><latexit sha1_base64="eC99LF9uD19aNXszqpFGpI6UiGs="></latexit>

=) Z =
1

jC!
<latexit sha1_base64="eD8vhedrUScQWcvLsdsYQlL8mVc="></latexit><latexit sha1_base64="eD8vhedrUScQWcvLsdsYQlL8mVc="></latexit><latexit sha1_base64="eD8vhedrUScQWcvLsdsYQlL8mVc="></latexit><latexit sha1_base64="eD8vhedrUScQWcvLsdsYQlL8mVc="></latexit>

for AC signals
d

dt
= j!

<latexit sha1_base64="5gqEgUHT2LPVWahJHIXC0tzEMb4=">AAACEnicbZDNSsNAEMc3flu/ooIXL4tF8FQSEfQiiF48VrBVaEPZbCbt2s0m7E6EEvMWPoFXfQJv4tUX8AF8D7c1B7/+MPDnPzPM8AszKQx63rszNT0zOze/sFhbWl5ZXXPXN9omzTWHFk9lqq9DZkAKBS0UKOE608CSUMJVODwb969uQRuRqkscZRAkrK9ELDhDG/XcrW6sGS+isoiwpMf0ppsm0Gc9t+41vInoX+NXpk4qNXvuRzdKeZ6AQi6ZMR3fyzAomEbBJZS1bm4gY3zI+tCxVrEETFBM/i/prk0iGqfalkI6Sb9vFCwxZpSEdjJhODC/e+Pwv14nx/goKITKcgTFvw7FuaSY0jEMGgkNHOXIGsa1sL9SPmAWCFpkP66AEQrLmuXi/6bw17T3G77X8C8O6ienFaEFsk12yB7xySE5IeekSVqEkzvyQB7Jk3PvPDsvzuvX6JRT7WySH3LePgHYt54D</latexit><latexit sha1_base64="5gqEgUHT2LPVWahJHIXC0tzEMb4=">AAACEnicbZDNSsNAEMc3flu/ooIXL4tF8FQSEfQiiF48VrBVaEPZbCbt2s0m7E6EEvMWPoFXfQJv4tUX8AF8D7c1B7/+MPDnPzPM8AszKQx63rszNT0zOze/sFhbWl5ZXXPXN9omzTWHFk9lqq9DZkAKBS0UKOE608CSUMJVODwb969uQRuRqkscZRAkrK9ELDhDG/XcrW6sGS+isoiwpMf0ppsm0Gc9t+41vInoX+NXpk4qNXvuRzdKeZ6AQi6ZMR3fyzAomEbBJZS1bm4gY3zI+tCxVrEETFBM/i/prk0iGqfalkI6Sb9vFCwxZpSEdjJhODC/e+Pwv14nx/goKITKcgTFvw7FuaSY0jEMGgkNHOXIGsa1sL9SPmAWCFpkP66AEQrLmuXi/6bw17T3G77X8C8O6ienFaEFsk12yB7xySE5IeekSVqEkzvyQB7Jk3PvPDsvzuvX6JRT7WySH3LePgHYt54D</latexit><latexit sha1_base64="5gqEgUHT2LPVWahJHIXC0tzEMb4=">AAACEnicbZDNSsNAEMc3flu/ooIXL4tF8FQSEfQiiF48VrBVaEPZbCbt2s0m7E6EEvMWPoFXfQJv4tUX8AF8D7c1B7/+MPDnPzPM8AszKQx63rszNT0zOze/sFhbWl5ZXXPXN9omzTWHFk9lqq9DZkAKBS0UKOE608CSUMJVODwb969uQRuRqkscZRAkrK9ELDhDG/XcrW6sGS+isoiwpMf0ppsm0Gc9t+41vInoX+NXpk4qNXvuRzdKeZ6AQi6ZMR3fyzAomEbBJZS1bm4gY3zI+tCxVrEETFBM/i/prk0iGqfalkI6Sb9vFCwxZpSEdjJhODC/e+Pwv14nx/goKITKcgTFvw7FuaSY0jEMGgkNHOXIGsa1sL9SPmAWCFpkP66AEQrLmuXi/6bw17T3G77X8C8O6ienFaEFsk12yB7xySE5IeekSVqEkzvyQB7Jk3PvPDsvzuvX6JRT7WySH3LePgHYt54D</latexit><latexit sha1_base64="5gqEgUHT2LPVWahJHIXC0tzEMb4=">AAACEnicbZDNSsNAEMc3flu/ooIXL4tF8FQSEfQiiF48VrBVaEPZbCbt2s0m7E6EEvMWPoFXfQJv4tUX8AF8D7c1B7/+MPDnPzPM8AszKQx63rszNT0zOze/sFhbWl5ZXXPXN9omzTWHFk9lqq9DZkAKBS0UKOE608CSUMJVODwb969uQRuRqkscZRAkrK9ELDhDG/XcrW6sGS+isoiwpMf0ppsm0Gc9t+41vInoX+NXpk4qNXvuRzdKeZ6AQi6ZMR3fyzAomEbBJZS1bm4gY3zI+tCxVrEETFBM/i/prk0iGqfalkI6Sb9vFCwxZpSEdjJhODC/e+Pwv14nx/goKITKcgTFvw7FuaSY0jEMGgkNHOXIGsa1sL9SPmAWCFpkP66AEQrLmuXi/6bw17T3G77X8C8O6ienFaEFsk12yB7xySE5IeekSVqEkzvyQB7Jk3PvPDsvzuvX6JRT7WySH3LePgHYt54D</latexit>

1. AC circuits and impedances

Impedances:

current-voltage 
relation for coil

for the coil

U = L
dI

dt
=) U = L

dI

dt
= jL!I

<latexit sha1_base64="LyWVlbeYfCW15XttEjVX0dfA5oE="></latexit><latexit sha1_base64="LyWVlbeYfCW15XttEjVX0dfA5oE="></latexit><latexit sha1_base64="LyWVlbeYfCW15XttEjVX0dfA5oE="></latexit><latexit sha1_base64="LyWVlbeYfCW15XttEjVX0dfA5oE="></latexit>

=) Z = jL!
<latexit sha1_base64="rxIS1smIf+kUko/DAVfNcwJipcw=">AAACD3icdVDLSkMxFMz1Weur2qWbYBFclUTEtguh4EbBRQWrxbaU3PS0xia5lyRXKKUf4Re41S9wJ279BD/A/zBXK1jRgcAwcw5zMmEshXWEvAUzs3PzC4uZpezyyuraem5j88JGieFQ55GMTCNkFqTQUHfCSWjEBpgKJVyGg6PUv7wFY0Wkz90whrZifS16gjPnpU4u3xLK54DFV4c3p61IQZ91cgVSJIRQSnFKaOmAeFKplPdoGdPU8iigCWqd3HurG/FEgXZcMmublMSuPWLGCS5hnG0lFmLGB6wPTU81U2Dbo8/jx3jHK13ci4x/2uFP9efGiClrhyr0k4q5a/vbS8W/vGbieuX2SOg4caD5V1AvkdhFOG0Cd4UB7uTQE8aN8Ldifs0M4873NZUCVmg3zvpevj+P/ycXe0VKivRsv1A9mTSUQVtoG+0iikqoio5RDdURR0N0jx7QY3AXPAXPwcvX6Eww2cmjKQSvH40onNM=</latexit><latexit sha1_base64="rxIS1smIf+kUko/DAVfNcwJipcw=">AAACD3icdVDLSkMxFMz1Weur2qWbYBFclUTEtguh4EbBRQWrxbaU3PS0xia5lyRXKKUf4Re41S9wJ279BD/A/zBXK1jRgcAwcw5zMmEshXWEvAUzs3PzC4uZpezyyuraem5j88JGieFQ55GMTCNkFqTQUHfCSWjEBpgKJVyGg6PUv7wFY0Wkz90whrZifS16gjPnpU4u3xLK54DFV4c3p61IQZ91cgVSJIRQSnFKaOmAeFKplPdoGdPU8iigCWqd3HurG/FEgXZcMmublMSuPWLGCS5hnG0lFmLGB6wPTU81U2Dbo8/jx3jHK13ci4x/2uFP9efGiClrhyr0k4q5a/vbS8W/vGbieuX2SOg4caD5V1AvkdhFOG0Cd4UB7uTQE8aN8Ldifs0M4873NZUCVmg3zvpevj+P/ycXe0VKivRsv1A9mTSUQVtoG+0iikqoio5RDdURR0N0jx7QY3AXPAXPwcvX6Eww2cmjKQSvH40onNM=</latexit><latexit sha1_base64="rxIS1smIf+kUko/DAVfNcwJipcw=">AAACD3icdVDLSkMxFMz1Weur2qWbYBFclUTEtguh4EbBRQWrxbaU3PS0xia5lyRXKKUf4Re41S9wJ279BD/A/zBXK1jRgcAwcw5zMmEshXWEvAUzs3PzC4uZpezyyuraem5j88JGieFQ55GMTCNkFqTQUHfCSWjEBpgKJVyGg6PUv7wFY0Wkz90whrZifS16gjPnpU4u3xLK54DFV4c3p61IQZ91cgVSJIRQSnFKaOmAeFKplPdoGdPU8iigCWqd3HurG/FEgXZcMmublMSuPWLGCS5hnG0lFmLGB6wPTU81U2Dbo8/jx3jHK13ci4x/2uFP9efGiClrhyr0k4q5a/vbS8W/vGbieuX2SOg4caD5V1AvkdhFOG0Cd4UB7uTQE8aN8Ldifs0M4873NZUCVmg3zvpevj+P/ycXe0VKivRsv1A9mTSUQVtoG+0iikqoio5RDdURR0N0jx7QY3AXPAXPwcvX6Eww2cmjKQSvH40onNM=</latexit><latexit sha1_base64="rxIS1smIf+kUko/DAVfNcwJipcw=">AAACD3icdVDLSkMxFMz1Weur2qWbYBFclUTEtguh4EbBRQWrxbaU3PS0xia5lyRXKKUf4Re41S9wJ279BD/A/zBXK1jRgcAwcw5zMmEshXWEvAUzs3PzC4uZpezyyuraem5j88JGieFQ55GMTCNkFqTQUHfCSWjEBpgKJVyGg6PUv7wFY0Wkz90whrZifS16gjPnpU4u3xLK54DFV4c3p61IQZ91cgVSJIRQSnFKaOmAeFKplPdoGdPU8iigCWqd3HurG/FEgXZcMmublMSuPWLGCS5hnG0lFmLGB6wPTU81U2Dbo8/jx3jHK13ci4x/2uFP9efGiClrhyr0k4q5a/vbS8W/vGbieuX2SOg4caD5V1AvkdhFOG0Cd4UB7uTQE8aN8Ldifs0M4873NZUCVmg3zvpevj+P/ycXe0VKivRsv1A9mTSUQVtoG+0iikqoio5RDdURR0N0jx7QY3AXPAXPwcvX6Eww2cmjKQSvH40onNM=</latexit>

for AC signals
d

dt
= j!

<latexit sha1_base64="5gqEgUHT2LPVWahJHIXC0tzEMb4=">AAACEnicbZDNSsNAEMc3flu/ooIXL4tF8FQSEfQiiF48VrBVaEPZbCbt2s0m7E6EEvMWPoFXfQJv4tUX8AF8D7c1B7/+MPDnPzPM8AszKQx63rszNT0zOze/sFhbWl5ZXXPXN9omzTWHFk9lqq9DZkAKBS0UKOE608CSUMJVODwb969uQRuRqkscZRAkrK9ELDhDG/XcrW6sGS+isoiwpMf0ppsm0Gc9t+41vInoX+NXpk4qNXvuRzdKeZ6AQi6ZMR3fyzAomEbBJZS1bm4gY3zI+tCxVrEETFBM/i/prk0iGqfalkI6Sb9vFCwxZpSEdjJhODC/e+Pwv14nx/goKITKcgTFvw7FuaSY0jEMGgkNHOXIGsa1sL9SPmAWCFpkP66AEQrLmuXi/6bw17T3G77X8C8O6ienFaEFsk12yB7xySE5IeekSVqEkzvyQB7Jk3PvPDsvzuvX6JRT7WySH3LePgHYt54D</latexit><latexit sha1_base64="5gqEgUHT2LPVWahJHIXC0tzEMb4=">AAACEnicbZDNSsNAEMc3flu/ooIXL4tF8FQSEfQiiF48VrBVaEPZbCbt2s0m7E6EEvMWPoFXfQJv4tUX8AF8D7c1B7/+MPDnPzPM8AszKQx63rszNT0zOze/sFhbWl5ZXXPXN9omzTWHFk9lqq9DZkAKBS0UKOE608CSUMJVODwb969uQRuRqkscZRAkrK9ELDhDG/XcrW6sGS+isoiwpMf0ppsm0Gc9t+41vInoX+NXpk4qNXvuRzdKeZ6AQi6ZMR3fyzAomEbBJZS1bm4gY3zI+tCxVrEETFBM/i/prk0iGqfalkI6Sb9vFCwxZpSEdjJhODC/e+Pwv14nx/goKITKcgTFvw7FuaSY0jEMGgkNHOXIGsa1sL9SPmAWCFpkP66AEQrLmuXi/6bw17T3G77X8C8O6ienFaEFsk12yB7xySE5IeekSVqEkzvyQB7Jk3PvPDsvzuvX6JRT7WySH3LePgHYt54D</latexit><latexit sha1_base64="5gqEgUHT2LPVWahJHIXC0tzEMb4=">AAACEnicbZDNSsNAEMc3flu/ooIXL4tF8FQSEfQiiF48VrBVaEPZbCbt2s0m7E6EEvMWPoFXfQJv4tUX8AF8D7c1B7/+MPDnPzPM8AszKQx63rszNT0zOze/sFhbWl5ZXXPXN9omzTWHFk9lqq9DZkAKBS0UKOE608CSUMJVODwb969uQRuRqkscZRAkrK9ELDhDG/XcrW6sGS+isoiwpMf0ppsm0Gc9t+41vInoX+NXpk4qNXvuRzdKeZ6AQi6ZMR3fyzAomEbBJZS1bm4gY3zI+tCxVrEETFBM/i/prk0iGqfalkI6Sb9vFCwxZpSEdjJhODC/e+Pwv14nx/goKITKcgTFvw7FuaSY0jEMGgkNHOXIGsa1sL9SPmAWCFpkP66AEQrLmuXi/6bw17T3G77X8C8O6ienFaEFsk12yB7xySE5IeekSVqEkzvyQB7Jk3PvPDsvzuvX6JRT7WySH3LePgHYt54D</latexit><latexit sha1_base64="5gqEgUHT2LPVWahJHIXC0tzEMb4=">AAACEnicbZDNSsNAEMc3flu/ooIXL4tF8FQSEfQiiF48VrBVaEPZbCbt2s0m7E6EEvMWPoFXfQJv4tUX8AF8D7c1B7/+MPDnPzPM8AszKQx63rszNT0zOze/sFhbWl5ZXXPXN9omzTWHFk9lqq9DZkAKBS0UKOE608CSUMJVODwb969uQRuRqkscZRAkrK9ELDhDG/XcrW6sGS+isoiwpMf0ppsm0Gc9t+41vInoX+NXpk4qNXvuRzdKeZ6AQi6ZMR3fyzAomEbBJZS1bm4gY3zI+tCxVrEETFBM/i/prk0iGqfalkI6Sb9vFCwxZpSEdjJhODC/e+Pwv14nx/goKITKcgTFvw7FuaSY0jEMGgkNHOXIGsa1sL9SPmAWCFpkP66AEQrLmuXi/6bw17T3G77X8C8O6ienFaEFsk12yB7xySE5IeekSVqEkzvyQB7Jk3PvPDsvzuvX6JRT7WySH3LePgHYt54D</latexit>



1. AC circuits and impedances

Impedance terminology:

Z = R+ jX
<latexit sha1_base64="VyyeFlvd5PcycLsFA+4ICmQrJzg=">AAACAHicbVDLSgNBEOz1GeMr6tHLYhAEIeyKoBch6MVjFPPAZAmzk95kktnZZWZWCEsufoFX/QJv4tU/8QP8DyfJHkxiQUNR1U13lx9zprTjfFtLyyura+u5jfzm1vbObmFvv6aiRFKs0ohHsuEThZwJrGqmOTZiiST0Odb9wc3Yrz+hVCwSD3oYoxeSrmABo0QbqfZ4dX/ab7QLRafkTGAvEjcjRchQaRd+Wp2IJiEKTTlRquk6sfZSIjWjHEf5VqIwJnRAutg0VJAQlZdOrh3Zx0bp2EEkTQltT9S/EykJlRqGvukMie6peW8s/uc1Ex1ceikTcaJR0OmiIOG2juzx63aHSaSaDw0hVDJzq017RBKqTUAzW1AxoUd5k4s7n8IiqZ2VXKfk3p0Xy9dZQjk4hCM4ARcuoAy3UIEqUOjDC7zCm/VsvVsf1ue0dcnKZg5gBtbXLza9lpg=</latexit><latexit sha1_base64="VyyeFlvd5PcycLsFA+4ICmQrJzg=">AAACAHicbVDLSgNBEOz1GeMr6tHLYhAEIeyKoBch6MVjFPPAZAmzk95kktnZZWZWCEsufoFX/QJv4tU/8QP8DyfJHkxiQUNR1U13lx9zprTjfFtLyyura+u5jfzm1vbObmFvv6aiRFKs0ohHsuEThZwJrGqmOTZiiST0Odb9wc3Yrz+hVCwSD3oYoxeSrmABo0QbqfZ4dX/ab7QLRafkTGAvEjcjRchQaRd+Wp2IJiEKTTlRquk6sfZSIjWjHEf5VqIwJnRAutg0VJAQlZdOrh3Zx0bp2EEkTQltT9S/EykJlRqGvukMie6peW8s/uc1Ex1ceikTcaJR0OmiIOG2juzx63aHSaSaDw0hVDJzq017RBKqTUAzW1AxoUd5k4s7n8IiqZ2VXKfk3p0Xy9dZQjk4hCM4ARcuoAy3UIEqUOjDC7zCm/VsvVsf1ue0dcnKZg5gBtbXLza9lpg=</latexit><latexit sha1_base64="VyyeFlvd5PcycLsFA+4ICmQrJzg=">AAACAHicbVDLSgNBEOz1GeMr6tHLYhAEIeyKoBch6MVjFPPAZAmzk95kktnZZWZWCEsufoFX/QJv4tU/8QP8DyfJHkxiQUNR1U13lx9zprTjfFtLyyura+u5jfzm1vbObmFvv6aiRFKs0ohHsuEThZwJrGqmOTZiiST0Odb9wc3Yrz+hVCwSD3oYoxeSrmABo0QbqfZ4dX/ab7QLRafkTGAvEjcjRchQaRd+Wp2IJiEKTTlRquk6sfZSIjWjHEf5VqIwJnRAutg0VJAQlZdOrh3Zx0bp2EEkTQltT9S/EykJlRqGvukMie6peW8s/uc1Ex1ceikTcaJR0OmiIOG2juzx63aHSaSaDw0hVDJzq017RBKqTUAzW1AxoUd5k4s7n8IiqZ2VXKfk3p0Xy9dZQjk4hCM4ARcuoAy3UIEqUOjDC7zCm/VsvVsf1ue0dcnKZg5gBtbXLza9lpg=</latexit><latexit sha1_base64="VyyeFlvd5PcycLsFA+4ICmQrJzg=">AAACAHicbVDLSgNBEOz1GeMr6tHLYhAEIeyKoBch6MVjFPPAZAmzk95kktnZZWZWCEsufoFX/QJv4tU/8QP8DyfJHkxiQUNR1U13lx9zprTjfFtLyyura+u5jfzm1vbObmFvv6aiRFKs0ohHsuEThZwJrGqmOTZiiST0Odb9wc3Yrz+hVCwSD3oYoxeSrmABo0QbqfZ4dX/ab7QLRafkTGAvEjcjRchQaRd+Wp2IJiEKTTlRquk6sfZSIjWjHEf5VqIwJnRAutg0VJAQlZdOrh3Zx0bp2EEkTQltT9S/EykJlRqGvukMie6peW8s/uc1Ex1ceikTcaJR0OmiIOG2juzx63aHSaSaDw0hVDJzq017RBKqTUAzW1AxoUd5k4s7n8IiqZ2VXKfk3p0Xy9dZQjk4hCM4ARcuoAy3UIEqUOjDC7zCm/VsvVsf1ue0dcnKZg5gBtbXLza9lpg=</latexit>

Z is complex and in Ohms

R = Re(Z) is the resistance in Ohms

X = Im(Z) is the reactance in Ohms

Z = |Z|ej argZ
<latexit sha1_base64="byY0MdU/v1clQQy7dl1Pr8iKEE4=">AAACDHicbVDLSsNAFJ34rPUVdelmsAiuSiKCboSiG5cV7IO2sUymN+3YySTMTAol7S/4BW71C9yJW//BD/A/nLZZ2NYDFw7n3Mu5HD/mTGnH+bZWVtfWNzZzW/ntnd29ffvgsKqiRFKo0IhHsu4TBZwJqGimOdRjCST0OdT8/u3Erw1AKhaJBz2MwQtJV7CAUaKN1LbtxvWoMYLH9KlFZBc3xm274BSdKfAycTNSQBnKbfun1YloEoLQlBOlmq4Tay8lUjPKYZxvJQpiQvukC01DBQlBeen08zE+NUoHB5E0IzSeqn8vUhIqNQx9sxkS3VOL3kT8z2smOrjyUibiRIOgs6Ag4VhHeFID7jAJVPOhIYRKZn7FtEckodqUNZcCigk9zpte3MUWlkn1vOg6Rff+olC6yRrKoWN0gs6Qiy5RCd2hMqogigboBb2iN+vZerc+rM/Z6oqV3RyhOVhfvxvrm3U=</latexit><latexit sha1_base64="byY0MdU/v1clQQy7dl1Pr8iKEE4=">AAACDHicbVDLSsNAFJ34rPUVdelmsAiuSiKCboSiG5cV7IO2sUymN+3YySTMTAol7S/4BW71C9yJW//BD/A/nLZZ2NYDFw7n3Mu5HD/mTGnH+bZWVtfWNzZzW/ntnd29ffvgsKqiRFKo0IhHsu4TBZwJqGimOdRjCST0OdT8/u3Erw1AKhaJBz2MwQtJV7CAUaKN1LbtxvWoMYLH9KlFZBc3xm274BSdKfAycTNSQBnKbfun1YloEoLQlBOlmq4Tay8lUjPKYZxvJQpiQvukC01DBQlBeen08zE+NUoHB5E0IzSeqn8vUhIqNQx9sxkS3VOL3kT8z2smOrjyUibiRIOgs6Ag4VhHeFID7jAJVPOhIYRKZn7FtEckodqUNZcCigk9zpte3MUWlkn1vOg6Rff+olC6yRrKoWN0gs6Qiy5RCd2hMqogigboBb2iN+vZerc+rM/Z6oqV3RyhOVhfvxvrm3U=</latexit><latexit sha1_base64="byY0MdU/v1clQQy7dl1Pr8iKEE4=">AAACDHicbVDLSsNAFJ34rPUVdelmsAiuSiKCboSiG5cV7IO2sUymN+3YySTMTAol7S/4BW71C9yJW//BD/A/nLZZ2NYDFw7n3Mu5HD/mTGnH+bZWVtfWNzZzW/ntnd29ffvgsKqiRFKo0IhHsu4TBZwJqGimOdRjCST0OdT8/u3Erw1AKhaJBz2MwQtJV7CAUaKN1LbtxvWoMYLH9KlFZBc3xm274BSdKfAycTNSQBnKbfun1YloEoLQlBOlmq4Tay8lUjPKYZxvJQpiQvukC01DBQlBeen08zE+NUoHB5E0IzSeqn8vUhIqNQx9sxkS3VOL3kT8z2smOrjyUibiRIOgs6Ag4VhHeFID7jAJVPOhIYRKZn7FtEckodqUNZcCigk9zpte3MUWlkn1vOg6Rff+olC6yRrKoWN0gs6Qiy5RCd2hMqogigboBb2iN+vZerc+rM/Z6oqV3RyhOVhfvxvrm3U=</latexit><latexit sha1_base64="byY0MdU/v1clQQy7dl1Pr8iKEE4=">AAACDHicbVDLSsNAFJ34rPUVdelmsAiuSiKCboSiG5cV7IO2sUymN+3YySTMTAol7S/4BW71C9yJW//BD/A/nLZZ2NYDFw7n3Mu5HD/mTGnH+bZWVtfWNzZzW/ntnd29ffvgsKqiRFKo0IhHsu4TBZwJqGimOdRjCST0OdT8/u3Erw1AKhaJBz2MwQtJV7CAUaKN1LbtxvWoMYLH9KlFZBc3xm274BSdKfAycTNSQBnKbfun1YloEoLQlBOlmq4Tay8lUjPKYZxvJQpiQvukC01DBQlBeen08zE+NUoHB5E0IzSeqn8vUhIqNQx9sxkS3VOL3kT8z2smOrjyUibiRIOgs6Ag4VhHeFID7jAJVPOhIYRKZn7FtEckodqUNZcCigk9zpte3MUWlkn1vOg6Rff+olC6yRrKoWN0gs6Qiy5RCd2hMqogigboBb2iN+vZerc+rM/Z6oqV3RyhOVhfvxvrm3U=</latexit>

Y = 1/Z
<latexit sha1_base64="gYpsGUwfOcaWq7iDZd53ps03FUg=">AAAB/3icbVBNS8NAEJ34WetX1aOXYBE81UQEvQhFLx4rmLbahrLZTtqlm03Y3Qgl9OAv8Kq/wJt49af4A/wfbtscbOuDgcd7M8zMCxLOlHacb2tpeWV1bb2wUdzc2t7ZLe3t11WcSooejXksmwFRyJlATzPNsZlIJFHAsREMbsZ+4wmlYrG418ME/Yj0BAsZJdpI3sOVe/rYKZWdijOBvUjcnJQhR61T+ml3Y5pGKDTlRKmW6yTaz4jUjHIcFdupwoTQAelhy1BBIlR+Njl2ZB8bpWuHsTQltD1R/05kJFJqGAWmMyK6r+a9sfif10p1eOlnTCSpRkGni8KU2zq2x5/bXSaRaj40hFDJzK027RNJqDb5zGxBxYQeFU0u7nwKi6R+VnGdint3Xq5e5wkV4BCO4ARcuIAq3EINPKDA4AVe4c16tt6tD+tz2rpk5TMHMAPr6xc65ZYI</latexit><latexit sha1_base64="gYpsGUwfOcaWq7iDZd53ps03FUg=">AAAB/3icbVBNS8NAEJ34WetX1aOXYBE81UQEvQhFLx4rmLbahrLZTtqlm03Y3Qgl9OAv8Kq/wJt49af4A/wfbtscbOuDgcd7M8zMCxLOlHacb2tpeWV1bb2wUdzc2t7ZLe3t11WcSooejXksmwFRyJlATzPNsZlIJFHAsREMbsZ+4wmlYrG418ME/Yj0BAsZJdpI3sOVe/rYKZWdijOBvUjcnJQhR61T+ml3Y5pGKDTlRKmW6yTaz4jUjHIcFdupwoTQAelhy1BBIlR+Njl2ZB8bpWuHsTQltD1R/05kJFJqGAWmMyK6r+a9sfif10p1eOlnTCSpRkGni8KU2zq2x5/bXSaRaj40hFDJzK027RNJqDb5zGxBxYQeFU0u7nwKi6R+VnGdint3Xq5e5wkV4BCO4ARcuIAq3EINPKDA4AVe4c16tt6tD+tz2rpk5TMHMAPr6xc65ZYI</latexit><latexit sha1_base64="gYpsGUwfOcaWq7iDZd53ps03FUg=">AAAB/3icbVBNS8NAEJ34WetX1aOXYBE81UQEvQhFLx4rmLbahrLZTtqlm03Y3Qgl9OAv8Kq/wJt49af4A/wfbtscbOuDgcd7M8zMCxLOlHacb2tpeWV1bb2wUdzc2t7ZLe3t11WcSooejXksmwFRyJlATzPNsZlIJFHAsREMbsZ+4wmlYrG418ME/Yj0BAsZJdpI3sOVe/rYKZWdijOBvUjcnJQhR61T+ml3Y5pGKDTlRKmW6yTaz4jUjHIcFdupwoTQAelhy1BBIlR+Njl2ZB8bpWuHsTQltD1R/05kJFJqGAWmMyK6r+a9sfif10p1eOlnTCSpRkGni8KU2zq2x5/bXSaRaj40hFDJzK027RNJqDb5zGxBxYQeFU0u7nwKi6R+VnGdint3Xq5e5wkV4BCO4ARcuIAq3EINPKDA4AVe4c16tt6tD+tz2rpk5TMHMAPr6xc65ZYI</latexit><latexit sha1_base64="gYpsGUwfOcaWq7iDZd53ps03FUg=">AAAB/3icbVBNS8NAEJ34WetX1aOXYBE81UQEvQhFLx4rmLbahrLZTtqlm03Y3Qgl9OAv8Kq/wJt49af4A/wfbtscbOuDgcd7M8zMCxLOlHacb2tpeWV1bb2wUdzc2t7ZLe3t11WcSooejXksmwFRyJlATzPNsZlIJFHAsREMbsZ+4wmlYrG418ME/Yj0BAsZJdpI3sOVe/rYKZWdijOBvUjcnJQhR61T+ml3Y5pGKDTlRKmW6yTaz4jUjHIcFdupwoTQAelhy1BBIlR+Njl2ZB8bpWuHsTQltD1R/05kJFJqGAWmMyK6r+a9sfif10p1eOlnTCSpRkGni8KU2zq2x5/bXSaRaj40hFDJzK027RNJqDb5zGxBxYQeFU0u7nwKi6R+VnGdint3Xq5e5wkV4BCO4ARcuIAq3EINPKDA4AVe4c16tt6tD+tz2rpk5TMHMAPr6xc65ZYI</latexit>

Y is the admittance in Siemens

ratio of voltage amplitude to current amplitude

phase shift between voltage and current oscillations
argZ = �u � �i

<latexit sha1_base64="/REKjaFraiVSjBhRwXOnx0Lsw0g=">AAACEnicbVDLSsNAFL2pr1pfUcGNm8EiuLEkIuhGKLpxWcE+sCllMp20QyeTMDMRSuxf+AVu9QvciVt/wA/wP5ymWdjWA5d7OOde7uX4MWdKO863VVhaXlldK66XNja3tnfs3b2GihJJaJ1EPJItHyvKmaB1zTSnrVhSHPqcNv3hzcRvPlKpWCTu9SimnRD3BQsYwdpIXfvAw7KPHtAV8uIB6yanWWNdu+xUnAxokbg5KUOOWtf+8XoRSUIqNOFYqbbrxLqTYqkZ4XRc8hJFY0yGuE/bhgocUtVJs//H6NgoPRRE0pTQKFP/bqQ4VGoU+mYyxHqg5r2J+J/XTnRw2UmZiBNNBZkeChKOdIQmYaAek5RoPjIEE8nMr4gMsMREm8hmrlDFhB6XTC7ufAqLpHFWcZ2Ke3derl7nCRXhEI7gBFy4gCrcQg3qQOAJXuAV3qxn6936sD6nowUr39mHGVhfv2UPnSM=</latexit><latexit sha1_base64="/REKjaFraiVSjBhRwXOnx0Lsw0g=">AAACEnicbVDLSsNAFL2pr1pfUcGNm8EiuLEkIuhGKLpxWcE+sCllMp20QyeTMDMRSuxf+AVu9QvciVt/wA/wP5ymWdjWA5d7OOde7uX4MWdKO863VVhaXlldK66XNja3tnfs3b2GihJJaJ1EPJItHyvKmaB1zTSnrVhSHPqcNv3hzcRvPlKpWCTu9SimnRD3BQsYwdpIXfvAw7KPHtAV8uIB6yanWWNdu+xUnAxokbg5KUOOWtf+8XoRSUIqNOFYqbbrxLqTYqkZ4XRc8hJFY0yGuE/bhgocUtVJs//H6NgoPRRE0pTQKFP/bqQ4VGoU+mYyxHqg5r2J+J/XTnRw2UmZiBNNBZkeChKOdIQmYaAek5RoPjIEE8nMr4gMsMREm8hmrlDFhB6XTC7ufAqLpHFWcZ2Ke3derl7nCRXhEI7gBFy4gCrcQg3qQOAJXuAV3qxn6936sD6nowUr39mHGVhfv2UPnSM=</latexit><latexit sha1_base64="/REKjaFraiVSjBhRwXOnx0Lsw0g=">AAACEnicbVDLSsNAFL2pr1pfUcGNm8EiuLEkIuhGKLpxWcE+sCllMp20QyeTMDMRSuxf+AVu9QvciVt/wA/wP5ymWdjWA5d7OOde7uX4MWdKO863VVhaXlldK66XNja3tnfs3b2GihJJaJ1EPJItHyvKmaB1zTSnrVhSHPqcNv3hzcRvPlKpWCTu9SimnRD3BQsYwdpIXfvAw7KPHtAV8uIB6yanWWNdu+xUnAxokbg5KUOOWtf+8XoRSUIqNOFYqbbrxLqTYqkZ4XRc8hJFY0yGuE/bhgocUtVJs//H6NgoPRRE0pTQKFP/bqQ4VGoU+mYyxHqg5r2J+J/XTnRw2UmZiBNNBZkeChKOdIQmYaAek5RoPjIEE8nMr4gMsMREm8hmrlDFhB6XTC7ufAqLpHFWcZ2Ke3derl7nCRXhEI7gBFy4gCrcQg3qQOAJXuAV3qxn6936sD6nowUr39mHGVhfv2UPnSM=</latexit><latexit sha1_base64="/REKjaFraiVSjBhRwXOnx0Lsw0g=">AAACEnicbVDLSsNAFL2pr1pfUcGNm8EiuLEkIuhGKLpxWcE+sCllMp20QyeTMDMRSuxf+AVu9QvciVt/wA/wP5ymWdjWA5d7OOde7uX4MWdKO863VVhaXlldK66XNja3tnfs3b2GihJJaJ1EPJItHyvKmaB1zTSnrVhSHPqcNv3hzcRvPlKpWCTu9SimnRD3BQsYwdpIXfvAw7KPHtAV8uIB6yanWWNdu+xUnAxokbg5KUOOWtf+8XoRSUIqNOFYqbbrxLqTYqkZ4XRc8hJFY0yGuE/bhgocUtVJs//H6NgoPRRE0pTQKFP/bqQ4VGoU+mYyxHqg5r2J+J/XTnRw2UmZiBNNBZkeChKOdIQmYaAek5RoPjIEE8nMr4gMsMREm8hmrlDFhB6XTC7ufAqLpHFWcZ2Ke3derl7nCRXhEI7gBFy4gCrcQg3qQOAJXuAV3qxn6936sD6nowUr39mHGVhfv2UPnSM=</latexit>

|Z| =
����
Umaxej�u

Imaxej�i

���� =
Umax

Imax
<latexit sha1_base64="tRgUU7xZZaBtyyObTsBn/qi/hHo="></latexit><latexit sha1_base64="tRgUU7xZZaBtyyObTsBn/qi/hHo="></latexit><latexit sha1_base64="tRgUU7xZZaBtyyObTsBn/qi/hHo="></latexit><latexit sha1_base64="tRgUU7xZZaBtyyObTsBn/qi/hHo="></latexit>

1. AC circuits and impedances

Kirchhoffs’s laws: apply to complex currents and voltages

impedances add in series:

U = U1 + U2 = Z1I + Z2I = ZI
<latexit sha1_base64="U6rblSQW4TEDDjWs0/rWWoMlmw0=">AAACXHicbZBNS8NAEIa38btarQpevCwWQSiUpAh6KYhe9FbBftA2xM122i7dbMLuRighf8//4MWbN696dtvmYKwDC+88My+zvH7EmdK2/Vaw1tY3Nre2d4q7e6X9g/LhUVuFsaTQoiEPZdcnCjgT0NJMc+hGEkjgc+j407v5vPMCUrFQPOlZBG5AxoKNGCXaIK/8PIjFEOTcnrTSRq7znGq+rzd6nvMLPaTVnlfPAdzAvRzwyhW7Zi8KrwonExWUVdMrfwyGIY0DEJpyolTfsSPtJkRqRjmkxUGsICJ0SsbQN1KQAJSbLJJI8bkhQzwKpXlC4wX97UhIoNQs8M1mQPRE/Z3N4X+zfqxH127CRBRrEHR5aBRzrEM8jxUPmQSq+cwIQiUzf8V0QiSh2oSfuwKKCZ0WTS7O3xRWRbtec+ya83hZubnNEtpGp+gMXSAHXaEbdI+aqIUoekWf6At9F96tdWvXKi1XrULmOUa5sk5+AG5EuY4=</latexit><latexit sha1_base64="U6rblSQW4TEDDjWs0/rWWoMlmw0=">AAACXHicbZBNS8NAEIa38btarQpevCwWQSiUpAh6KYhe9FbBftA2xM122i7dbMLuRighf8//4MWbN696dtvmYKwDC+88My+zvH7EmdK2/Vaw1tY3Nre2d4q7e6X9g/LhUVuFsaTQoiEPZdcnCjgT0NJMc+hGEkjgc+j407v5vPMCUrFQPOlZBG5AxoKNGCXaIK/8PIjFEOTcnrTSRq7znGq+rzd6nvMLPaTVnlfPAdzAvRzwyhW7Zi8KrwonExWUVdMrfwyGIY0DEJpyolTfsSPtJkRqRjmkxUGsICJ0SsbQN1KQAJSbLJJI8bkhQzwKpXlC4wX97UhIoNQs8M1mQPRE/Z3N4X+zfqxH127CRBRrEHR5aBRzrEM8jxUPmQSq+cwIQiUzf8V0QiSh2oSfuwKKCZ0WTS7O3xRWRbtec+ya83hZubnNEtpGp+gMXSAHXaEbdI+aqIUoekWf6At9F96tdWvXKi1XrULmOUa5sk5+AG5EuY4=</latexit><latexit sha1_base64="U6rblSQW4TEDDjWs0/rWWoMlmw0=">AAACXHicbZBNS8NAEIa38btarQpevCwWQSiUpAh6KYhe9FbBftA2xM122i7dbMLuRighf8//4MWbN696dtvmYKwDC+88My+zvH7EmdK2/Vaw1tY3Nre2d4q7e6X9g/LhUVuFsaTQoiEPZdcnCjgT0NJMc+hGEkjgc+j407v5vPMCUrFQPOlZBG5AxoKNGCXaIK/8PIjFEOTcnrTSRq7znGq+rzd6nvMLPaTVnlfPAdzAvRzwyhW7Zi8KrwonExWUVdMrfwyGIY0DEJpyolTfsSPtJkRqRjmkxUGsICJ0SsbQN1KQAJSbLJJI8bkhQzwKpXlC4wX97UhIoNQs8M1mQPRE/Z3N4X+zfqxH127CRBRrEHR5aBRzrEM8jxUPmQSq+cwIQiUzf8V0QiSh2oSfuwKKCZ0WTS7O3xRWRbtec+ya83hZubnNEtpGp+gMXSAHXaEbdI+aqIUoekWf6At9F96tdWvXKi1XrULmOUa5sk5+AG5EuY4=</latexit><latexit sha1_base64="U6rblSQW4TEDDjWs0/rWWoMlmw0=">AAACXHicbZBNS8NAEIa38btarQpevCwWQSiUpAh6KYhe9FbBftA2xM122i7dbMLuRighf8//4MWbN696dtvmYKwDC+88My+zvH7EmdK2/Vaw1tY3Nre2d4q7e6X9g/LhUVuFsaTQoiEPZdcnCjgT0NJMc+hGEkjgc+j407v5vPMCUrFQPOlZBG5AxoKNGCXaIK/8PIjFEOTcnrTSRq7znGq+rzd6nvMLPaTVnlfPAdzAvRzwyhW7Zi8KrwonExWUVdMrfwyGIY0DEJpyolTfsSPtJkRqRjmkxUGsICJ0SsbQN1KQAJSbLJJI8bkhQzwKpXlC4wX97UhIoNQs8M1mQPRE/Z3N4X+zfqxH127CRBRrEHR5aBRzrEM8jxUPmQSq+cwIQiUzf8V0QiSh2oSfuwKKCZ0WTS7O3xRWRbtec+ya83hZubnNEtpGp+gMXSAHXaEbdI+aqIUoekWf6At9F96tdWvXKi1XrULmOUa5sk5+AG5EuY4=</latexit>

with Z = Z1 + Z2
<latexit sha1_base64="UCciAR9Uxbfd4SXQVQcsodoFUWk=">AAACBXicdVDLSgMxFM3UV62vqks3wSIIQkmK2HYhFN24rGAfdFqGTJppQzOZIckIpXTtF7jVL3Anbv0OP8D/MNNWsKIHLhzOuZd77/FjwbVB6MPJrKyurW9kN3Nb2zu7e/n9g6aOEkVZg0YiUm2faCa4ZA3DjWDtWDES+oK1/NF16rfumdI8kndmHLNeSAaSB5wSYyW3Ay9hx8NnHa/k5QuoiBDCGMOU4PIFsqRarZRwBeLUsiiABepe/rPbj2gSMmmoIFq7GMWmNyHKcCrYNNdNNIsJHZEBcy2VJGS6N5mdPIUnVunDIFK2pIEz9efEhIRaj0PfdobEDPVvLxX/8tzEBJXehMs4MUzS+aIgEdBEMP0f9rli1IixJYQqbm+FdEgUocamtLSFaS7NNGdz+X4e/k+apSJGRXx7XqhdLRLKgiNwDE4BBmVQAzegDhqAggg8gifw7Dw4L86r8zZvzTiLmUOwBOf9C+LSmAE=</latexit><latexit sha1_base64="UCciAR9Uxbfd4SXQVQcsodoFUWk=">AAACBXicdVDLSgMxFM3UV62vqks3wSIIQkmK2HYhFN24rGAfdFqGTJppQzOZIckIpXTtF7jVL3Anbv0OP8D/MNNWsKIHLhzOuZd77/FjwbVB6MPJrKyurW9kN3Nb2zu7e/n9g6aOEkVZg0YiUm2faCa4ZA3DjWDtWDES+oK1/NF16rfumdI8kndmHLNeSAaSB5wSYyW3Ay9hx8NnHa/k5QuoiBDCGMOU4PIFsqRarZRwBeLUsiiABepe/rPbj2gSMmmoIFq7GMWmNyHKcCrYNNdNNIsJHZEBcy2VJGS6N5mdPIUnVunDIFK2pIEz9efEhIRaj0PfdobEDPVvLxX/8tzEBJXehMs4MUzS+aIgEdBEMP0f9rli1IixJYQqbm+FdEgUocamtLSFaS7NNGdz+X4e/k+apSJGRXx7XqhdLRLKgiNwDE4BBmVQAzegDhqAggg8gifw7Dw4L86r8zZvzTiLmUOwBOf9C+LSmAE=</latexit><latexit sha1_base64="UCciAR9Uxbfd4SXQVQcsodoFUWk=">AAACBXicdVDLSgMxFM3UV62vqks3wSIIQkmK2HYhFN24rGAfdFqGTJppQzOZIckIpXTtF7jVL3Anbv0OP8D/MNNWsKIHLhzOuZd77/FjwbVB6MPJrKyurW9kN3Nb2zu7e/n9g6aOEkVZg0YiUm2faCa4ZA3DjWDtWDES+oK1/NF16rfumdI8kndmHLNeSAaSB5wSYyW3Ay9hx8NnHa/k5QuoiBDCGMOU4PIFsqRarZRwBeLUsiiABepe/rPbj2gSMmmoIFq7GMWmNyHKcCrYNNdNNIsJHZEBcy2VJGS6N5mdPIUnVunDIFK2pIEz9efEhIRaj0PfdobEDPVvLxX/8tzEBJXehMs4MUzS+aIgEdBEMP0f9rli1IixJYQqbm+FdEgUocamtLSFaS7NNGdz+X4e/k+apSJGRXx7XqhdLRLKgiNwDE4BBmVQAzegDhqAggg8gifw7Dw4L86r8zZvzTiLmUOwBOf9C+LSmAE=</latexit><latexit sha1_base64="UCciAR9Uxbfd4SXQVQcsodoFUWk=">AAACBXicdVDLSgMxFM3UV62vqks3wSIIQkmK2HYhFN24rGAfdFqGTJppQzOZIckIpXTtF7jVL3Anbv0OP8D/MNNWsKIHLhzOuZd77/FjwbVB6MPJrKyurW9kN3Nb2zu7e/n9g6aOEkVZg0YiUm2faCa4ZA3DjWDtWDES+oK1/NF16rfumdI8kndmHLNeSAaSB5wSYyW3Ay9hx8NnHa/k5QuoiBDCGMOU4PIFsqRarZRwBeLUsiiABepe/rPbj2gSMmmoIFq7GMWmNyHKcCrYNNdNNIsJHZEBcy2VJGS6N5mdPIUnVunDIFK2pIEz9efEhIRaj0PfdobEDPVvLxX/8tzEBJXehMs4MUzS+aIgEdBEMP0f9rli1IixJYQqbm+FdEgUocamtLSFaS7NNGdz+X4e/k+apSJGRXx7XqhdLRLKgiNwDE4BBmVQAzegDhqAggg8gifw7Dw4L86r8zZvzTiLmUOwBOf9C+LSmAE=</latexit>

voltage divider:
U1 = Z1I =

Z1

Z1 + Z2
U

<latexit sha1_base64="614IER+MgWKWsRCdbdhFTWgqEe4="></latexit><latexit sha1_base64="614IER+MgWKWsRCdbdhFTWgqEe4="></latexit><latexit sha1_base64="614IER+MgWKWsRCdbdhFTWgqEe4="></latexit><latexit sha1_base64="614IER+MgWKWsRCdbdhFTWgqEe4="></latexit>

U2 =
Z2

Z1 + Z2
U

<latexit sha1_base64="3p8myU9xFPwNCWrzqvc9MwWcesk="></latexit><latexit sha1_base64="3p8myU9xFPwNCWrzqvc9MwWcesk="></latexit><latexit sha1_base64="3p8myU9xFPwNCWrzqvc9MwWcesk="></latexit><latexit sha1_base64="3p8myU9xFPwNCWrzqvc9MwWcesk="></latexit>



1. AC circuits and impedances

admittances add in parallel:

I = I1 + I2 =
1

Z1
U +

1

Z2
U =

1

Z
U

<latexit sha1_base64="1LYZxlXH1/4Ad2zmIFhszAW4WtM="></latexit><latexit sha1_base64="1LYZxlXH1/4Ad2zmIFhszAW4WtM="></latexit><latexit sha1_base64="1LYZxlXH1/4Ad2zmIFhszAW4WtM="></latexit><latexit sha1_base64="1LYZxlXH1/4Ad2zmIFhszAW4WtM="></latexit>

Y = Y1 + Y2
<latexit sha1_base64="sWlaUf90mhxbBYXLtng+bDP9dB8=">AAACBXicbVDLSsNAFJ3UV62vqks3g0UQhJIUQTdC0Y3LCvZFGsJketMOnUzCzEQooWu/wK1+gTtx63f4Af6H0zYL23rgwuGce7n3niDhTGnb/rYKa+sbm1vF7dLO7t7+QfnwqKXiVFJo0pjHshMQBZwJaGqmOXQSCSQKOLSD0d3Ubz+BVCwWj3qcgBeRgWAho0Qbye3iG9z1nYuuX/PLFbtqz4BXiZOTCsrR8Ms/vX5M0wiEppwo5Tp2or2MSM0oh0mplypICB2RAbiGChKB8rLZyRN8ZpQ+DmNpSmg8U/9OZCRSahwFpjMieqiWvan4n+emOrz2MiaSVIOg80VhyrGO8fR/3GcSqOZjQwiVzNyK6ZBIQrVJaWELKCb0pGRycZZTWCWtWtWxq87DZaV+mydURCfoFJ0jB12hOrpHDdREFMXoBb2iN+vZerc+rM95a8HKZ47RAqyvX40Dl8g=</latexit><latexit sha1_base64="sWlaUf90mhxbBYXLtng+bDP9dB8=">AAACBXicbVDLSsNAFJ3UV62vqks3g0UQhJIUQTdC0Y3LCvZFGsJketMOnUzCzEQooWu/wK1+gTtx63f4Af6H0zYL23rgwuGce7n3niDhTGnb/rYKa+sbm1vF7dLO7t7+QfnwqKXiVFJo0pjHshMQBZwJaGqmOXQSCSQKOLSD0d3Ubz+BVCwWj3qcgBeRgWAho0Qbye3iG9z1nYuuX/PLFbtqz4BXiZOTCsrR8Ms/vX5M0wiEppwo5Tp2or2MSM0oh0mplypICB2RAbiGChKB8rLZyRN8ZpQ+DmNpSmg8U/9OZCRSahwFpjMieqiWvan4n+emOrz2MiaSVIOg80VhyrGO8fR/3GcSqOZjQwiVzNyK6ZBIQrVJaWELKCb0pGRycZZTWCWtWtWxq87DZaV+mydURCfoFJ0jB12hOrpHDdREFMXoBb2iN+vZerc+rM95a8HKZ47RAqyvX40Dl8g=</latexit><latexit sha1_base64="sWlaUf90mhxbBYXLtng+bDP9dB8=">AAACBXicbVDLSsNAFJ3UV62vqks3g0UQhJIUQTdC0Y3LCvZFGsJketMOnUzCzEQooWu/wK1+gTtx63f4Af6H0zYL23rgwuGce7n3niDhTGnb/rYKa+sbm1vF7dLO7t7+QfnwqKXiVFJo0pjHshMQBZwJaGqmOXQSCSQKOLSD0d3Ubz+BVCwWj3qcgBeRgWAho0Qbye3iG9z1nYuuX/PLFbtqz4BXiZOTCsrR8Ms/vX5M0wiEppwo5Tp2or2MSM0oh0mplypICB2RAbiGChKB8rLZyRN8ZpQ+DmNpSmg8U/9OZCRSahwFpjMieqiWvan4n+emOrz2MiaSVIOg80VhyrGO8fR/3GcSqOZjQwiVzNyK6ZBIQrVJaWELKCb0pGRycZZTWCWtWtWxq87DZaV+mydURCfoFJ0jB12hOrpHDdREFMXoBb2iN+vZerc+rM95a8HKZ47RAqyvX40Dl8g=</latexit><latexit sha1_base64="sWlaUf90mhxbBYXLtng+bDP9dB8=">AAACBXicbVDLSsNAFJ3UV62vqks3g0UQhJIUQTdC0Y3LCvZFGsJketMOnUzCzEQooWu/wK1+gTtx63f4Af6H0zYL23rgwuGce7n3niDhTGnb/rYKa+sbm1vF7dLO7t7+QfnwqKXiVFJo0pjHshMQBZwJaGqmOXQSCSQKOLSD0d3Ubz+BVCwWj3qcgBeRgWAho0Qbye3iG9z1nYuuX/PLFbtqz4BXiZOTCsrR8Ms/vX5M0wiEppwo5Tp2or2MSM0oh0mplypICB2RAbiGChKB8rLZyRN8ZpQ+DmNpSmg8U/9OZCRSahwFpjMieqiWvan4n+emOrz2MiaSVIOg80VhyrGO8fR/3GcSqOZjQwiVzNyK6ZBIQrVJaWELKCb0pGRycZZTWCWtWtWxq87DZaV+mydURCfoFJ0jB12hOrpHDdREFMXoBb2iN+vZerc+rM95a8HKZ47RAqyvX40Dl8g=</latexit>

1

Z
=

1

Z1
+

1

Z2<latexit sha1_base64="sDGw3vRH9l70HvcAXPsGELWlpI8="></latexit><latexit sha1_base64="sDGw3vRH9l70HvcAXPsGELWlpI8="></latexit><latexit sha1_base64="sDGw3vRH9l70HvcAXPsGELWlpI8="></latexit><latexit sha1_base64="sDGw3vRH9l70HvcAXPsGELWlpI8="></latexit>

with

or

current divider:
I1 = Y1U =

Y1

Y1 + Y2
I

<latexit sha1_base64="lVQOyno6MXeJ4AsicTBFeoemI28="></latexit><latexit sha1_base64="lVQOyno6MXeJ4AsicTBFeoemI28="></latexit><latexit sha1_base64="lVQOyno6MXeJ4AsicTBFeoemI28="></latexit><latexit sha1_base64="lVQOyno6MXeJ4AsicTBFeoemI28="></latexit>

I2 =
Y2

Y1 + Y2
I

<latexit sha1_base64="aHESRr+cHwiDwqBSczMl93ZPn+U="></latexit><latexit sha1_base64="aHESRr+cHwiDwqBSczMl93ZPn+U="></latexit><latexit sha1_base64="aHESRr+cHwiDwqBSczMl93ZPn+U="></latexit><latexit sha1_base64="aHESRr+cHwiDwqBSczMl93ZPn+U="></latexit>

RLC circuit in series and resonance



2. RLC circuit and resonance

equations:

UR = RI
<latexit sha1_base64="LnQaIuzpGWt5O3YaZehquQ9TQr8=">AAACGnicbVDLSsNAFJ3UV62vqEtBgkVwVRIRdCMU3eiuFtMW2lAm09t26GQSZiZCCdn5GX6BW/0Cd+LWjR/gfzhps+jDAwOHc+7h3jl+xKhUtv1jFFZW19Y3ipulre2d3T1z/6Ahw1gQcEnIQtHysQRGObiKKgatSAAOfAZNf3Sb+c0nEJKG/FGNI/ACPOC0TwlWWuqax52Y90Bk8cRNu/Xr+oxwn3bNsl2xJ7CWiZOTMspR65q/nV5I4gC4IgxL2XbsSHkJFooSBmmpE0uIMBnhAbQ15TgA6SWTf6TWqVZ6Vj8U+nFlTdTZRIIDKceBrycDrIZy0cvE/7x2rPpXXkJ5FCvgZLqoHzNLhVZWitWjAohiY00wEVTfapEhFpgoXd3cFpCUq7Ske3EWW1gmjfOKY1ech4ty9SZvqIiO0Ak6Qw66RFV0h2rIRQQ9o1f0ht6NF+PD+DS+pqMFI88cojkY338d/KH1</latexit><latexit sha1_base64="LnQaIuzpGWt5O3YaZehquQ9TQr8=">AAACGnicbVDLSsNAFJ3UV62vqEtBgkVwVRIRdCMU3eiuFtMW2lAm09t26GQSZiZCCdn5GX6BW/0Cd+LWjR/gfzhps+jDAwOHc+7h3jl+xKhUtv1jFFZW19Y3ipulre2d3T1z/6Ahw1gQcEnIQtHysQRGObiKKgatSAAOfAZNf3Sb+c0nEJKG/FGNI/ACPOC0TwlWWuqax52Y90Bk8cRNu/Xr+oxwn3bNsl2xJ7CWiZOTMspR65q/nV5I4gC4IgxL2XbsSHkJFooSBmmpE0uIMBnhAbQ15TgA6SWTf6TWqVZ6Vj8U+nFlTdTZRIIDKceBrycDrIZy0cvE/7x2rPpXXkJ5FCvgZLqoHzNLhVZWitWjAohiY00wEVTfapEhFpgoXd3cFpCUq7Ske3EWW1gmjfOKY1ech4ty9SZvqIiO0Ak6Qw66RFV0h2rIRQQ9o1f0ht6NF+PD+DS+pqMFI88cojkY338d/KH1</latexit><latexit sha1_base64="LnQaIuzpGWt5O3YaZehquQ9TQr8=">AAACGnicbVDLSsNAFJ3UV62vqEtBgkVwVRIRdCMU3eiuFtMW2lAm09t26GQSZiZCCdn5GX6BW/0Cd+LWjR/gfzhps+jDAwOHc+7h3jl+xKhUtv1jFFZW19Y3ipulre2d3T1z/6Ahw1gQcEnIQtHysQRGObiKKgatSAAOfAZNf3Sb+c0nEJKG/FGNI/ACPOC0TwlWWuqax52Y90Bk8cRNu/Xr+oxwn3bNsl2xJ7CWiZOTMspR65q/nV5I4gC4IgxL2XbsSHkJFooSBmmpE0uIMBnhAbQ15TgA6SWTf6TWqVZ6Vj8U+nFlTdTZRIIDKceBrycDrIZy0cvE/7x2rPpXXkJ5FCvgZLqoHzNLhVZWitWjAohiY00wEVTfapEhFpgoXd3cFpCUq7Ske3EWW1gmjfOKY1ech4ty9SZvqIiO0Ak6Qw66RFV0h2rIRQQ9o1f0ht6NF+PD+DS+pqMFI88cojkY338d/KH1</latexit><latexit sha1_base64="LnQaIuzpGWt5O3YaZehquQ9TQr8=">AAACGnicbVDLSsNAFJ3UV62vqEtBgkVwVRIRdCMU3eiuFtMW2lAm09t26GQSZiZCCdn5GX6BW/0Cd+LWjR/gfzhps+jDAwOHc+7h3jl+xKhUtv1jFFZW19Y3ipulre2d3T1z/6Ahw1gQcEnIQtHysQRGObiKKgatSAAOfAZNf3Sb+c0nEJKG/FGNI/ACPOC0TwlWWuqax52Y90Bk8cRNu/Xr+oxwn3bNsl2xJ7CWiZOTMspR65q/nV5I4gC4IgxL2XbsSHkJFooSBmmpE0uIMBnhAbQ15TgA6SWTf6TWqVZ6Vj8U+nFlTdTZRIIDKceBrycDrIZy0cvE/7x2rPpXXkJ5FCvgZLqoHzNLhVZWitWjAohiY00wEVTfapEhFpgoXd3cFpCUq7Ske3EWW1gmjfOKY1ech4ty9SZvqIiO0Ak6Qw66RFV0h2rIRQQ9o1f0ht6NF+PD+DS+pqMFI88cojkY338d/KH1</latexit>

UC =
1

jC!
I

<latexit sha1_base64="uyVmrgkGS36joWYIB0HeIJnqBsE=">AAACK3icbVDLSsNAFJ3UV62vqks3wSK4qokIuhGK3eiugn1AE8JketOOnUzCzEQoIZ/hZ/gFbvULXClu+x9O2i768MDA4ZxzuXeOHzMqlWV9G4W19Y3NreJ2aWd3b/+gfHjUklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v6wnvvtFxCSRvxJjWJwQ9znNKAEKy155Qsn4T0Q+XjazLz6rRMITFI7S5/rThRCH2dziYfMK1esqjWBuUrsGamgGRpeeez0IpKEwBVhWMqubcXKTbFQlDDISk4iIcZkiPvQ1ZTjEKSbTj6WmWda6ZlBJPTjypyo8xMpDqUchb5OhlgN5LKXi/953UQFN25KeZwo4GS6KEiYqSIzb8nsUQFEsZEmmAiqbzXJAOtmlO5yYQtIylVW0r3Yyy2sktZl1baq9uNVpXY3a6iITtApOkc2ukY1dI8aqIkIekXv6AN9Gm/Gl/Fj/E6jBWM2c4wWYIz/AGTDqWk=</latexit><latexit sha1_base64="uyVmrgkGS36joWYIB0HeIJnqBsE=">AAACK3icbVDLSsNAFJ3UV62vqks3wSK4qokIuhGK3eiugn1AE8JketOOnUzCzEQoIZ/hZ/gFbvULXClu+x9O2i768MDA4ZxzuXeOHzMqlWV9G4W19Y3NreJ2aWd3b/+gfHjUklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v6wnvvtFxCSRvxJjWJwQ9znNKAEKy155Qsn4T0Q+XjazLz6rRMITFI7S5/rThRCH2dziYfMK1esqjWBuUrsGamgGRpeeez0IpKEwBVhWMqubcXKTbFQlDDISk4iIcZkiPvQ1ZTjEKSbTj6WmWda6ZlBJPTjypyo8xMpDqUchb5OhlgN5LKXi/953UQFN25KeZwo4GS6KEiYqSIzb8nsUQFEsZEmmAiqbzXJAOtmlO5yYQtIylVW0r3Yyy2sktZl1baq9uNVpXY3a6iITtApOkc2ukY1dI8aqIkIekXv6AN9Gm/Gl/Fj/E6jBWM2c4wWYIz/AGTDqWk=</latexit><latexit sha1_base64="uyVmrgkGS36joWYIB0HeIJnqBsE=">AAACK3icbVDLSsNAFJ3UV62vqks3wSK4qokIuhGK3eiugn1AE8JketOOnUzCzEQoIZ/hZ/gFbvULXClu+x9O2i768MDA4ZxzuXeOHzMqlWV9G4W19Y3NreJ2aWd3b/+gfHjUklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v6wnvvtFxCSRvxJjWJwQ9znNKAEKy155Qsn4T0Q+XjazLz6rRMITFI7S5/rThRCH2dziYfMK1esqjWBuUrsGamgGRpeeez0IpKEwBVhWMqubcXKTbFQlDDISk4iIcZkiPvQ1ZTjEKSbTj6WmWda6ZlBJPTjypyo8xMpDqUchb5OhlgN5LKXi/953UQFN25KeZwo4GS6KEiYqSIzb8nsUQFEsZEmmAiqbzXJAOtmlO5yYQtIylVW0r3Yyy2sktZl1baq9uNVpXY3a6iITtApOkc2ukY1dI8aqIkIekXv6AN9Gm/Gl/Fj/E6jBWM2c4wWYIz/AGTDqWk=</latexit><latexit sha1_base64="uyVmrgkGS36joWYIB0HeIJnqBsE=">AAACK3icbVDLSsNAFJ3UV62vqks3wSK4qokIuhGK3eiugn1AE8JketOOnUzCzEQoIZ/hZ/gFbvULXClu+x9O2i768MDA4ZxzuXeOHzMqlWV9G4W19Y3NreJ2aWd3b/+gfHjUklEiCDRJxCLR8bEERjk0FVUMOrEAHPoM2v6wnvvtFxCSRvxJjWJwQ9znNKAEKy155Qsn4T0Q+XjazLz6rRMITFI7S5/rThRCH2dziYfMK1esqjWBuUrsGamgGRpeeez0IpKEwBVhWMqubcXKTbFQlDDISk4iIcZkiPvQ1ZTjEKSbTj6WmWda6ZlBJPTjypyo8xMpDqUchb5OhlgN5LKXi/953UQFN25KeZwo4GS6KEiYqSIzb8nsUQFEsZEmmAiqbzXJAOtmlO5yYQtIylVW0r3Yyy2sktZl1baq9uNVpXY3a6iITtApOkc2ukY1dI8aqIkIekXv6AN9Gm/Gl/Fj/E6jBWM2c4wWYIz/AGTDqWk=</latexit>

UL = jL!I
<latexit sha1_base64="u0RW017sDOoJGCjeeob+aBOWuGs=">AAACIXicbVDLSsNAFJ34rPUVdekmWAquSiKCboSiG4UuKtgHNCFMprft2MkkzEyEEvIFfoZf4Fa/wJ24E9f+h9M2iz48MHA45x7unRPEjEpl29/Gyura+sZmYau4vbO7t28eHDZllAgCDRKxSLQDLIFRDg1FFYN2LACHAYNWMLwZ+60nEJJG/EGNYvBC3Oe0RwlWWvLNspvwLohxPG1kfu3qseZGIfTxjH6X+WbJrtgTWMvEyUkJ5aj75q/bjUgSAleEYSk7jh0rL8VCUcIgK7qJhBiTIe5DR1OOQ5BeOvlOZpW10rV6kdCPK2uiziZSHEo5CgM9GWI1kIveWPzP6ySqd+mllMeJAk6mi3oJs1RkjbuxulQAUWykCSaC6lstMsACE6UbnNsCknKVFXUvzmILy6R5VnHsinN/Xqpe5w0V0DE6QafIQReoim5RHTUQQc/oFb2hd+PF+DA+ja/p6IqRZ47QHIyfP+KQpP4=</latexit><latexit sha1_base64="u0RW017sDOoJGCjeeob+aBOWuGs=">AAACIXicbVDLSsNAFJ34rPUVdekmWAquSiKCboSiG4UuKtgHNCFMprft2MkkzEyEEvIFfoZf4Fa/wJ24E9f+h9M2iz48MHA45x7unRPEjEpl29/Gyura+sZmYau4vbO7t28eHDZllAgCDRKxSLQDLIFRDg1FFYN2LACHAYNWMLwZ+60nEJJG/EGNYvBC3Oe0RwlWWvLNspvwLohxPG1kfu3qseZGIfTxjH6X+WbJrtgTWMvEyUkJ5aj75q/bjUgSAleEYSk7jh0rL8VCUcIgK7qJhBiTIe5DR1OOQ5BeOvlOZpW10rV6kdCPK2uiziZSHEo5CgM9GWI1kIveWPzP6ySqd+mllMeJAk6mi3oJs1RkjbuxulQAUWykCSaC6lstMsACE6UbnNsCknKVFXUvzmILy6R5VnHsinN/Xqpe5w0V0DE6QafIQReoim5RHTUQQc/oFb2hd+PF+DA+ja/p6IqRZ47QHIyfP+KQpP4=</latexit><latexit sha1_base64="u0RW017sDOoJGCjeeob+aBOWuGs=">AAACIXicbVDLSsNAFJ34rPUVdekmWAquSiKCboSiG4UuKtgHNCFMprft2MkkzEyEEvIFfoZf4Fa/wJ24E9f+h9M2iz48MHA45x7unRPEjEpl29/Gyura+sZmYau4vbO7t28eHDZllAgCDRKxSLQDLIFRDg1FFYN2LACHAYNWMLwZ+60nEJJG/EGNYvBC3Oe0RwlWWvLNspvwLohxPG1kfu3qseZGIfTxjH6X+WbJrtgTWMvEyUkJ5aj75q/bjUgSAleEYSk7jh0rL8VCUcIgK7qJhBiTIe5DR1OOQ5BeOvlOZpW10rV6kdCPK2uiziZSHEo5CgM9GWI1kIveWPzP6ySqd+mllMeJAk6mi3oJs1RkjbuxulQAUWykCSaC6lstMsACE6UbnNsCknKVFXUvzmILy6R5VnHsinN/Xqpe5w0V0DE6QafIQReoim5RHTUQQc/oFb2hd+PF+DA+ja/p6IqRZ47QHIyfP+KQpP4=</latexit><latexit sha1_base64="u0RW017sDOoJGCjeeob+aBOWuGs=">AAACIXicbVDLSsNAFJ34rPUVdekmWAquSiKCboSiG4UuKtgHNCFMprft2MkkzEyEEvIFfoZf4Fa/wJ24E9f+h9M2iz48MHA45x7unRPEjEpl29/Gyura+sZmYau4vbO7t28eHDZllAgCDRKxSLQDLIFRDg1FFYN2LACHAYNWMLwZ+60nEJJG/EGNYvBC3Oe0RwlWWvLNspvwLohxPG1kfu3qseZGIfTxjH6X+WbJrtgTWMvEyUkJ5aj75q/bjUgSAleEYSk7jh0rL8VCUcIgK7qJhBiTIe5DR1OOQ5BeOvlOZpW10rV6kdCPK2uiziZSHEo5CgM9GWI1kIveWPzP6ySqd+mllMeJAk6mi3oJs1RkjbuxulQAUWykCSaC6lstMsACE6UbnNsCknKVFXUvzmILy6R5VnHsinN/Xqpe5w0V0DE6QafIQReoim5RHTUQQc/oFb2hd+PF+DA+ja/p6IqRZ47QHIyfP+KQpP4=</latexit>

UR + UL + UC = E
<latexit sha1_base64="IZjPXK35POxPoQ3t62xyvpfWH4E=">AAACOXicbVDLSgMxFM34rPU16tJNsAiCUGZE0I1QLIILF1XsA9pSMultG5rJDElGKMN8jZ/hF7jVlUsXgrj1B8y0s+jDC4FzzzmXe3O8kDOlHefDWlpeWV1bz23kN7e2d3btvf2aCiJJoUoDHsiGRxRwJqCqmebQCCUQ3+NQ94blVK8/gVQsEI96FELbJ33BeowSbaiOfdWKRBdkOh5Xk87D6Wx/N9eXp/03SccuOEVnXHgRuBkooKwqHfur1Q1o5IPQlBOlmq4T6nZMpGaUQ5JvRQpCQoekD00DBfFBtePxNxN8bJgu7gXSPKHxmJ2eiImv1Mj3jNMneqDmtZT8T2tGunfZjpkIIw2CThb1Io51gNPMcJdJoJqPDCBUMnMrpgMiCdUm2ZktoJjQSd7k4s6nsAhqZ0XXKbr354XSdZZQDh2iI3SCXHSBSugWVVAVUfSMXtEberderE/r2/qZWJesbOYAzZT1+wco8K9W</latexit><latexit sha1_base64="IZjPXK35POxPoQ3t62xyvpfWH4E=">AAACOXicbVDLSgMxFM34rPU16tJNsAiCUGZE0I1QLIILF1XsA9pSMultG5rJDElGKMN8jZ/hF7jVlUsXgrj1B8y0s+jDC4FzzzmXe3O8kDOlHefDWlpeWV1bz23kN7e2d3btvf2aCiJJoUoDHsiGRxRwJqCqmebQCCUQ3+NQ94blVK8/gVQsEI96FELbJ33BeowSbaiOfdWKRBdkOh5Xk87D6Wx/N9eXp/03SccuOEVnXHgRuBkooKwqHfur1Q1o5IPQlBOlmq4T6nZMpGaUQ5JvRQpCQoekD00DBfFBtePxNxN8bJgu7gXSPKHxmJ2eiImv1Mj3jNMneqDmtZT8T2tGunfZjpkIIw2CThb1Io51gNPMcJdJoJqPDCBUMnMrpgMiCdUm2ZktoJjQSd7k4s6nsAhqZ0XXKbr354XSdZZQDh2iI3SCXHSBSugWVVAVUfSMXtEberderE/r2/qZWJesbOYAzZT1+wco8K9W</latexit><latexit sha1_base64="IZjPXK35POxPoQ3t62xyvpfWH4E=">AAACOXicbVDLSgMxFM34rPU16tJNsAiCUGZE0I1QLIILF1XsA9pSMultG5rJDElGKMN8jZ/hF7jVlUsXgrj1B8y0s+jDC4FzzzmXe3O8kDOlHefDWlpeWV1bz23kN7e2d3btvf2aCiJJoUoDHsiGRxRwJqCqmebQCCUQ3+NQ94blVK8/gVQsEI96FELbJ33BeowSbaiOfdWKRBdkOh5Xk87D6Wx/N9eXp/03SccuOEVnXHgRuBkooKwqHfur1Q1o5IPQlBOlmq4T6nZMpGaUQ5JvRQpCQoekD00DBfFBtePxNxN8bJgu7gXSPKHxmJ2eiImv1Mj3jNMneqDmtZT8T2tGunfZjpkIIw2CThb1Io51gNPMcJdJoJqPDCBUMnMrpgMiCdUm2ZktoJjQSd7k4s6nsAhqZ0XXKbr354XSdZZQDh2iI3SCXHSBSugWVVAVUfSMXtEberderE/r2/qZWJesbOYAzZT1+wco8K9W</latexit><latexit sha1_base64="IZjPXK35POxPoQ3t62xyvpfWH4E=">AAACOXicbVDLSgMxFM34rPU16tJNsAiCUGZE0I1QLIILF1XsA9pSMultG5rJDElGKMN8jZ/hF7jVlUsXgrj1B8y0s+jDC4FzzzmXe3O8kDOlHefDWlpeWV1bz23kN7e2d3btvf2aCiJJoUoDHsiGRxRwJqCqmebQCCUQ3+NQ94blVK8/gVQsEI96FELbJ33BeowSbaiOfdWKRBdkOh5Xk87D6Wx/N9eXp/03SccuOEVnXHgRuBkooKwqHfur1Q1o5IPQlBOlmq4T6nZMpGaUQ5JvRQpCQoekD00DBfFBtePxNxN8bJgu7gXSPKHxmJ2eiImv1Mj3jNMneqDmtZT8T2tGunfZjpkIIw2CThb1Io51gNPMcJdJoJqPDCBUMnMrpgMiCdUm2ZktoJjQSd7k4s6nsAhqZ0XXKbr354XSdZZQDh2iI3SCXHSBSugWVVAVUfSMXtEberderE/r2/qZWJesbOYAzZT1+wco8K9W</latexit>

Kirchhoff’s voltage law

=)
✓
R+ jL! +

1

jC!

◆
I = E

<latexit sha1_base64="Ywn90cbOctT5OgtXUj2cXjPOE9g="></latexit><latexit sha1_base64="Ywn90cbOctT5OgtXUj2cXjPOE9g="></latexit><latexit sha1_base64="Ywn90cbOctT5OgtXUj2cXjPOE9g="></latexit><latexit sha1_base64="Ywn90cbOctT5OgtXUj2cXjPOE9g="></latexit>

2. RLC circuit and resonance

E = ZI
<latexit sha1_base64="ZiFxBIQX+xeGmTlKEG+pq4cwlQs=">AAACGHicbVDLSsNAFJ3UV62vqEtdBIvgqiQi6EYoiKK7CvaBbSiTyU07dDIJMxOhhGz8DL/ArX6BO3Hrzg/wP5y0XfThgYEz59zDnTlezKhUtv1jFJaWV1bXiuuljc2t7R1zd68ho0QQqJOIRaLlYQmMcqgrqhi0YgE49Bg0vcFV7jefQEga8Qc1jMENcY/TgBKstNQ1DzsJ90Hk8fQ6u3ycut5lXbNsV+wRrEXiTEgZTVDrmr8dPyJJCFwRhqVsO3as3BQLRQmDrNRJJMSYDHAP2ppyHIJ009EvMutYK74VREIfrqyROp1IcSjlMPT0ZIhVX857ufif105UcOGmlMeJAk7Gi4KEWSqy8kosnwogig01wURQ/VaL9LHAROniZraApFxlJd2LM9/CImmcVhy74tyflas3k4aK6AAdoRPkoHNURbeohuqIoGf0it7Qu/FifBifxtd4tGBMMvtoBsb3H5gloSw=</latexit><latexit sha1_base64="ZiFxBIQX+xeGmTlKEG+pq4cwlQs=">AAACGHicbVDLSsNAFJ3UV62vqEtdBIvgqiQi6EYoiKK7CvaBbSiTyU07dDIJMxOhhGz8DL/ArX6BO3Hrzg/wP5y0XfThgYEz59zDnTlezKhUtv1jFJaWV1bXiuuljc2t7R1zd68ho0QQqJOIRaLlYQmMcqgrqhi0YgE49Bg0vcFV7jefQEga8Qc1jMENcY/TgBKstNQ1DzsJ90Hk8fQ6u3ycut5lXbNsV+wRrEXiTEgZTVDrmr8dPyJJCFwRhqVsO3as3BQLRQmDrNRJJMSYDHAP2ppyHIJ009EvMutYK74VREIfrqyROp1IcSjlMPT0ZIhVX857ufif105UcOGmlMeJAk7Gi4KEWSqy8kosnwogig01wURQ/VaL9LHAROniZraApFxlJd2LM9/CImmcVhy74tyflas3k4aK6AAdoRPkoHNURbeohuqIoGf0it7Qu/FifBifxtd4tGBMMvtoBsb3H5gloSw=</latexit><latexit sha1_base64="ZiFxBIQX+xeGmTlKEG+pq4cwlQs=">AAACGHicbVDLSsNAFJ3UV62vqEtdBIvgqiQi6EYoiKK7CvaBbSiTyU07dDIJMxOhhGz8DL/ArX6BO3Hrzg/wP5y0XfThgYEz59zDnTlezKhUtv1jFJaWV1bXiuuljc2t7R1zd68ho0QQqJOIRaLlYQmMcqgrqhi0YgE49Bg0vcFV7jefQEga8Qc1jMENcY/TgBKstNQ1DzsJ90Hk8fQ6u3ycut5lXbNsV+wRrEXiTEgZTVDrmr8dPyJJCFwRhqVsO3as3BQLRQmDrNRJJMSYDHAP2ppyHIJ009EvMutYK74VREIfrqyROp1IcSjlMPT0ZIhVX857ufif105UcOGmlMeJAk7Gi4KEWSqy8kosnwogig01wURQ/VaL9LHAROniZraApFxlJd2LM9/CImmcVhy74tyflas3k4aK6AAdoRPkoHNURbeohuqIoGf0it7Qu/FifBifxtd4tGBMMvtoBsb3H5gloSw=</latexit><latexit sha1_base64="ZiFxBIQX+xeGmTlKEG+pq4cwlQs=">AAACGHicbVDLSsNAFJ3UV62vqEtdBIvgqiQi6EYoiKK7CvaBbSiTyU07dDIJMxOhhGz8DL/ArX6BO3Hrzg/wP5y0XfThgYEz59zDnTlezKhUtv1jFJaWV1bXiuuljc2t7R1zd68ho0QQqJOIRaLlYQmMcqgrqhi0YgE49Bg0vcFV7jefQEga8Qc1jMENcY/TgBKstNQ1DzsJ90Hk8fQ6u3ycut5lXbNsV+wRrEXiTEgZTVDrmr8dPyJJCFwRhqVsO3as3BQLRQmDrNRJJMSYDHAP2ppyHIJ009EvMutYK74VREIfrqyROp1IcSjlMPT0ZIhVX857ufif105UcOGmlMeJAk7Gi4KEWSqy8kosnwogig01wURQ/VaL9LHAROniZraApFxlJd2LM9/CImmcVhy74tyflas3k4aK6AAdoRPkoHNURbeohuqIoGf0it7Qu/FifBifxtd4tGBMMvtoBsb3H5gloSw=</latexit>

=) I(t) =
Emax⇣

R+ jL! + 1
jC!

⌘ ej!t

<latexit sha1_base64="oxRXjyX5mMQ8poVUXccUNHlBzEk="></latexit><latexit sha1_base64="oxRXjyX5mMQ8poVUXccUNHlBzEk="></latexit><latexit sha1_base64="oxRXjyX5mMQ8poVUXccUNHlBzEk="></latexit><latexit sha1_base64="oxRXjyX5mMQ8poVUXccUNHlBzEk="></latexit>



2. RLC circuit and resonance

I(t) = Imax e
j(!t+�i)

<latexit sha1_base64="BRjPr/nK94rbM4hnwKCG+0u5Dw4="></latexit><latexit sha1_base64="BRjPr/nK94rbM4hnwKCG+0u5Dw4="></latexit><latexit sha1_base64="BRjPr/nK94rbM4hnwKCG+0u5Dw4="></latexit><latexit sha1_base64="BRjPr/nK94rbM4hnwKCG+0u5Dw4="></latexit>

=) I(t) =
Emax⇣

R+ jL! + 1
jC!

⌘ ej!t

<latexit sha1_base64="oxRXjyX5mMQ8poVUXccUNHlBzEk="></latexit><latexit sha1_base64="oxRXjyX5mMQ8poVUXccUNHlBzEk="></latexit><latexit sha1_base64="oxRXjyX5mMQ8poVUXccUNHlBzEk="></latexit><latexit sha1_base64="oxRXjyX5mMQ8poVUXccUNHlBzEk="></latexit>

=)
<latexit sha1_base64="oWvdGLQwSSo8LacMCOCwdw0egEA=">AAACAnicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFlwo7sK9gHtUDLpbRuaZIYkI5ShO7/ArX6BO3Hrj/gB/odpOwvbeiBwOOdezs2JEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdTv3mE2rDY/VoxwmGkg4U73NGrZNaHS5dCppuqexX/BnIKglyUoYctW7pp9OLWSpRWSaoMe3AT2yYUW05EzgpdlKDCWUjOsC2o4pKNGE2u3dCzp3SI/1Yu6csmal/NzIqjRnLyE1Kaodm2ZuK/3nt1PZvwoyrJLWo2DyonwpiYzL9POlxjcyKsSOUae5uJWxINWXWVbSQgoYrOym6XoLlFlZJ47IS+JXg4apcvc8bKsApnMEFBHANVbiDGtSBgYAXeIU379l79z68z/nompfvnMACvK9f4UOYLA==</latexit><latexit sha1_base64="oWvdGLQwSSo8LacMCOCwdw0egEA=">AAACAnicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFlwo7sK9gHtUDLpbRuaZIYkI5ShO7/ArX6BO3Hrj/gB/odpOwvbeiBwOOdezs2JEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdTv3mE2rDY/VoxwmGkg4U73NGrZNaHS5dCppuqexX/BnIKglyUoYctW7pp9OLWSpRWSaoMe3AT2yYUW05EzgpdlKDCWUjOsC2o4pKNGE2u3dCzp3SI/1Yu6csmal/NzIqjRnLyE1Kaodm2ZuK/3nt1PZvwoyrJLWo2DyonwpiYzL9POlxjcyKsSOUae5uJWxINWXWVbSQgoYrOym6XoLlFlZJ47IS+JXg4apcvc8bKsApnMEFBHANVbiDGtSBgYAXeIU379l79z68z/nompfvnMACvK9f4UOYLA==</latexit><latexit sha1_base64="oWvdGLQwSSo8LacMCOCwdw0egEA=">AAACAnicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFlwo7sK9gHtUDLpbRuaZIYkI5ShO7/ArX6BO3Hrj/gB/odpOwvbeiBwOOdezs2JEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdTv3mE2rDY/VoxwmGkg4U73NGrZNaHS5dCppuqexX/BnIKglyUoYctW7pp9OLWSpRWSaoMe3AT2yYUW05EzgpdlKDCWUjOsC2o4pKNGE2u3dCzp3SI/1Yu6csmal/NzIqjRnLyE1Kaodm2ZuK/3nt1PZvwoyrJLWo2DyonwpiYzL9POlxjcyKsSOUae5uJWxINWXWVbSQgoYrOym6XoLlFlZJ47IS+JXg4apcvc8bKsApnMEFBHANVbiDGtSBgYAXeIU379l79z68z/nompfvnMACvK9f4UOYLA==</latexit><latexit sha1_base64="oWvdGLQwSSo8LacMCOCwdw0egEA=">AAACAnicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFlwo7sK9gHtUDLpbRuaZIYkI5ShO7/ArX6BO3Hrj/gB/odpOwvbeiBwOOdezs2JEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TJxqhnUWi1i3ImpQcIV1y63AVqKRykhgMxrdTv3mE2rDY/VoxwmGkg4U73NGrZNaHS5dCppuqexX/BnIKglyUoYctW7pp9OLWSpRWSaoMe3AT2yYUW05EzgpdlKDCWUjOsC2o4pKNGE2u3dCzp3SI/1Yu6csmal/NzIqjRnLyE1Kaodm2ZuK/3nt1PZvwoyrJLWo2DyonwpiYzL9POlxjcyKsSOUae5uJWxINWXWVbSQgoYrOym6XoLlFlZJ47IS+JXg4apcvc8bKsApnMEFBHANVbiDGtSBgYAXeIU379l79z68z/nompfvnMACvK9f4UOYLA==</latexit>

this function is maximum for ω=ω0 with:Imax = f(!)
<latexit sha1_base64="X6zEl7vBBO4+2bENsBhnnbuHHAo=">AAACFnicbVDLSgNBEJyNrxhfq970MhiEeAm7IuhFCHrRWwTzgCSE2UlvMmRmdpmZFcMS8DP8Aq/6Bd7Eq1c/wP9w8jiYxIKGoqqb7q4g5kwbz/t2MkvLK6tr2fXcxubW9o67u1fVUaIoVGjEI1UPiAbOJFQMMxzqsQIiAg61oH898msPoDSL5L0ZxNASpCtZyCgxVmq7B7ftpiCmp0QqyOMQX+Kw0IwEdMlJ2817RW8MvEj8KcmjKcpt96fZiWgiQBrKidYN34tNKyXKMMphmGsmGmJC+6QLDUslEaBb6fiHIT62SgeHkbIlDR6rfydSIrQeiMB2ju7V895I/M9rJCa8aKVMxokBSSeLwoRjE+FRILjDFFDDB5YQqpi9FdMeUYQaG9vMFtBMmmHO5uLPp7BIqqdF3yv6d2f50tU0oSw6REeogHx0jkroBpVRBVH0hF7QK3pznp1358P5nLRmnOnMPpqB8/ULEXefHw==</latexit><latexit sha1_base64="X6zEl7vBBO4+2bENsBhnnbuHHAo=">AAACFnicbVDLSgNBEJyNrxhfq970MhiEeAm7IuhFCHrRWwTzgCSE2UlvMmRmdpmZFcMS8DP8Aq/6Bd7Eq1c/wP9w8jiYxIKGoqqb7q4g5kwbz/t2MkvLK6tr2fXcxubW9o67u1fVUaIoVGjEI1UPiAbOJFQMMxzqsQIiAg61oH898msPoDSL5L0ZxNASpCtZyCgxVmq7B7ftpiCmp0QqyOMQX+Kw0IwEdMlJ2817RW8MvEj8KcmjKcpt96fZiWgiQBrKidYN34tNKyXKMMphmGsmGmJC+6QLDUslEaBb6fiHIT62SgeHkbIlDR6rfydSIrQeiMB2ju7V895I/M9rJCa8aKVMxokBSSeLwoRjE+FRILjDFFDDB5YQqpi9FdMeUYQaG9vMFtBMmmHO5uLPp7BIqqdF3yv6d2f50tU0oSw6REeogHx0jkroBpVRBVH0hF7QK3pznp1358P5nLRmnOnMPpqB8/ULEXefHw==</latexit><latexit sha1_base64="X6zEl7vBBO4+2bENsBhnnbuHHAo=">AAACFnicbVDLSgNBEJyNrxhfq970MhiEeAm7IuhFCHrRWwTzgCSE2UlvMmRmdpmZFcMS8DP8Aq/6Bd7Eq1c/wP9w8jiYxIKGoqqb7q4g5kwbz/t2MkvLK6tr2fXcxubW9o67u1fVUaIoVGjEI1UPiAbOJFQMMxzqsQIiAg61oH898msPoDSL5L0ZxNASpCtZyCgxVmq7B7ftpiCmp0QqyOMQX+Kw0IwEdMlJ2817RW8MvEj8KcmjKcpt96fZiWgiQBrKidYN34tNKyXKMMphmGsmGmJC+6QLDUslEaBb6fiHIT62SgeHkbIlDR6rfydSIrQeiMB2ju7V895I/M9rJCa8aKVMxokBSSeLwoRjE+FRILjDFFDDB5YQqpi9FdMeUYQaG9vMFtBMmmHO5uLPp7BIqqdF3yv6d2f50tU0oSw6REeogHx0jkroBpVRBVH0hF7QK3pznp1358P5nLRmnOnMPpqB8/ULEXefHw==</latexit><latexit sha1_base64="X6zEl7vBBO4+2bENsBhnnbuHHAo=">AAACFnicbVDLSgNBEJyNrxhfq970MhiEeAm7IuhFCHrRWwTzgCSE2UlvMmRmdpmZFcMS8DP8Aq/6Bd7Eq1c/wP9w8jiYxIKGoqqb7q4g5kwbz/t2MkvLK6tr2fXcxubW9o67u1fVUaIoVGjEI1UPiAbOJFQMMxzqsQIiAg61oH898msPoDSL5L0ZxNASpCtZyCgxVmq7B7ftpiCmp0QqyOMQX+Kw0IwEdMlJ2817RW8MvEj8KcmjKcpt96fZiWgiQBrKidYN34tNKyXKMMphmGsmGmJC+6QLDUslEaBb6fiHIT62SgeHkbIlDR6rfydSIrQeiMB2ju7V895I/M9rJCa8aKVMxokBSSeLwoRjE+FRILjDFFDDB5YQqpi9FdMeUYQaG9vMFtBMmmHO5uLPp7BIqqdF3yv6d2f50tU0oSw6REeogHx0jkroBpVRBVH0hF7QK3pznp1358P5nLRmnOnMPpqB8/ULEXefHw==</latexit>

=) !0 = 1/
p
LC

<latexit sha1_base64="lqTaCTo+fWRTOeM71IAvfNIIIUk=">AAACG3icbVC7SgNBFJ31GeNr1dLCwSBYxV0RtFAIpLGwiGASIRvC7OQmDs7MrjN3hbCk9DP8Alv9AjuxtfAD/A8nMYWvAwOHc+7l3DlxKoXFIHj3pqZnZufmCwvFxaXllVV/bb1hk8xwqPNEJuYyZhak0FBHgRIuUwNMxRKa8XV15DdvwViR6AscpNBWrK9FT3CGTur4W5FQLgcsjRIFfdYJ6AkN9yJ7YzA/qw47fikoB2PQvySckBKZoNbxP6JuwjMFGrlk1rbCIMV2zgwKLmFYjDILKePXrA8tRzVTYNv5+CNDuuOULu0lxj2NdKx+38iZsnagYjepGF7Z395I/M9rZdg7audCpxmC5l9BvUxSTOioFdoVBjjKgSOMG+FupfyKGcbRdfcjBazQOCy6XsLfLfwljf1yGJTD84NS5XjSUIFskm2yS0JySCrklNRInXByRx7II3ny7r1n78V7/Rqd8iY7G+QHvLdPZ7Kg1A==</latexit><latexit sha1_base64="lqTaCTo+fWRTOeM71IAvfNIIIUk=">AAACG3icbVC7SgNBFJ31GeNr1dLCwSBYxV0RtFAIpLGwiGASIRvC7OQmDs7MrjN3hbCk9DP8Alv9AjuxtfAD/A8nMYWvAwOHc+7l3DlxKoXFIHj3pqZnZufmCwvFxaXllVV/bb1hk8xwqPNEJuYyZhak0FBHgRIuUwNMxRKa8XV15DdvwViR6AscpNBWrK9FT3CGTur4W5FQLgcsjRIFfdYJ6AkN9yJ7YzA/qw47fikoB2PQvySckBKZoNbxP6JuwjMFGrlk1rbCIMV2zgwKLmFYjDILKePXrA8tRzVTYNv5+CNDuuOULu0lxj2NdKx+38iZsnagYjepGF7Z395I/M9rZdg7audCpxmC5l9BvUxSTOioFdoVBjjKgSOMG+FupfyKGcbRdfcjBazQOCy6XsLfLfwljf1yGJTD84NS5XjSUIFskm2yS0JySCrklNRInXByRx7II3ny7r1n78V7/Rqd8iY7G+QHvLdPZ7Kg1A==</latexit><latexit sha1_base64="lqTaCTo+fWRTOeM71IAvfNIIIUk=">AAACG3icbVC7SgNBFJ31GeNr1dLCwSBYxV0RtFAIpLGwiGASIRvC7OQmDs7MrjN3hbCk9DP8Alv9AjuxtfAD/A8nMYWvAwOHc+7l3DlxKoXFIHj3pqZnZufmCwvFxaXllVV/bb1hk8xwqPNEJuYyZhak0FBHgRIuUwNMxRKa8XV15DdvwViR6AscpNBWrK9FT3CGTur4W5FQLgcsjRIFfdYJ6AkN9yJ7YzA/qw47fikoB2PQvySckBKZoNbxP6JuwjMFGrlk1rbCIMV2zgwKLmFYjDILKePXrA8tRzVTYNv5+CNDuuOULu0lxj2NdKx+38iZsnagYjepGF7Z395I/M9rZdg7audCpxmC5l9BvUxSTOioFdoVBjjKgSOMG+FupfyKGcbRdfcjBazQOCy6XsLfLfwljf1yGJTD84NS5XjSUIFskm2yS0JySCrklNRInXByRx7II3ny7r1n78V7/Rqd8iY7G+QHvLdPZ7Kg1A==</latexit><latexit sha1_base64="lqTaCTo+fWRTOeM71IAvfNIIIUk=">AAACG3icbVC7SgNBFJ31GeNr1dLCwSBYxV0RtFAIpLGwiGASIRvC7OQmDs7MrjN3hbCk9DP8Alv9AjuxtfAD/A8nMYWvAwOHc+7l3DlxKoXFIHj3pqZnZufmCwvFxaXllVV/bb1hk8xwqPNEJuYyZhak0FBHgRIuUwNMxRKa8XV15DdvwViR6AscpNBWrK9FT3CGTur4W5FQLgcsjRIFfdYJ6AkN9yJ7YzA/qw47fikoB2PQvySckBKZoNbxP6JuwjMFGrlk1rbCIMV2zgwKLmFYjDILKePXrA8tRzVTYNv5+CNDuuOULu0lxj2NdKx+38iZsnagYjepGF7Z395I/M9rZdg7audCpxmC5l9BvUxSTOioFdoVBjjKgSOMG+FupfyKGcbRdfcjBazQOCy6XsLfLfwljf1yGJTD84NS5XjSUIFskm2yS0JySCrklNRInXByRx7II3ny7r1n78V7/Rqd8iY7G+QHvLdPZ7Kg1A==</latexit>

resonance frequency

and Imax(!0) =
Emax

R
<latexit sha1_base64="RM0+j3ExcmfqzC0KsJRZXa+NT+M=">AAACL3icbVDLSgMxFM34tr6qLt0Ei1A3ZUYFXSgIIuiuitVCpwyZ9E4NTTJDkhHLMB/iZ/gFbvULxI24ceFfmD4WtvVA4HDOudybEyacaeO6H87U9Mzs3PzCYmFpeWV1rbi+cavjVFGo0ZjHqh4SDZxJqBlmONQTBUSEHO7CzlnPv3sApVksb0w3gaYgbckiRomxUlDcvwx8Qcy9Epkgj3nZjwW0SeDu4hPsR4rQ7HwkkGfXeVAsuRW3DzxJvCEpoSGqQfHbb8U0FSAN5UTrhucmppkRZRjlkBf8VENCaIe0oWGpJAJ0M+t/Lsc7VmnhKFb2SYP76t+JjAituyK0yd6detzrif95jdRER82MySQ1IOlgUZRybGLcawq3mAJqeNcSQhWzt2J6T2wlxvY5sgU0kyYv2F688RYmye1exXMr3tVB6fR42NAC2kLbqIw8dIhO0QWqohqi6Am9oFf05jw7786n8zWITjnDmU00AufnF0Jlqj0=</latexit><latexit sha1_base64="RM0+j3ExcmfqzC0KsJRZXa+NT+M=">AAACL3icbVDLSgMxFM34tr6qLt0Ei1A3ZUYFXSgIIuiuitVCpwyZ9E4NTTJDkhHLMB/iZ/gFbvULxI24ceFfmD4WtvVA4HDOudybEyacaeO6H87U9Mzs3PzCYmFpeWV1rbi+cavjVFGo0ZjHqh4SDZxJqBlmONQTBUSEHO7CzlnPv3sApVksb0w3gaYgbckiRomxUlDcvwx8Qcy9Epkgj3nZjwW0SeDu4hPsR4rQ7HwkkGfXeVAsuRW3DzxJvCEpoSGqQfHbb8U0FSAN5UTrhucmppkRZRjlkBf8VENCaIe0oWGpJAJ0M+t/Lsc7VmnhKFb2SYP76t+JjAituyK0yd6detzrif95jdRER82MySQ1IOlgUZRybGLcawq3mAJqeNcSQhWzt2J6T2wlxvY5sgU0kyYv2F688RYmye1exXMr3tVB6fR42NAC2kLbqIw8dIhO0QWqohqi6Am9oFf05jw7786n8zWITjnDmU00AufnF0Jlqj0=</latexit><latexit sha1_base64="RM0+j3ExcmfqzC0KsJRZXa+NT+M=">AAACL3icbVDLSgMxFM34tr6qLt0Ei1A3ZUYFXSgIIuiuitVCpwyZ9E4NTTJDkhHLMB/iZ/gFbvULxI24ceFfmD4WtvVA4HDOudybEyacaeO6H87U9Mzs3PzCYmFpeWV1rbi+cavjVFGo0ZjHqh4SDZxJqBlmONQTBUSEHO7CzlnPv3sApVksb0w3gaYgbckiRomxUlDcvwx8Qcy9Epkgj3nZjwW0SeDu4hPsR4rQ7HwkkGfXeVAsuRW3DzxJvCEpoSGqQfHbb8U0FSAN5UTrhucmppkRZRjlkBf8VENCaIe0oWGpJAJ0M+t/Lsc7VmnhKFb2SYP76t+JjAituyK0yd6detzrif95jdRER82MySQ1IOlgUZRybGLcawq3mAJqeNcSQhWzt2J6T2wlxvY5sgU0kyYv2F688RYmye1exXMr3tVB6fR42NAC2kLbqIw8dIhO0QWqohqi6Am9oFf05jw7786n8zWITjnDmU00AufnF0Jlqj0=</latexit><latexit sha1_base64="RM0+j3ExcmfqzC0KsJRZXa+NT+M=">AAACL3icbVDLSgMxFM34tr6qLt0Ei1A3ZUYFXSgIIuiuitVCpwyZ9E4NTTJDkhHLMB/iZ/gFbvULxI24ceFfmD4WtvVA4HDOudybEyacaeO6H87U9Mzs3PzCYmFpeWV1rbi+cavjVFGo0ZjHqh4SDZxJqBlmONQTBUSEHO7CzlnPv3sApVksb0w3gaYgbckiRomxUlDcvwx8Qcy9Epkgj3nZjwW0SeDu4hPsR4rQ7HwkkGfXeVAsuRW3DzxJvCEpoSGqQfHbb8U0FSAN5UTrhucmppkRZRjlkBf8VENCaIe0oWGpJAJ0M+t/Lsc7VmnhKFb2SYP76t+JjAituyK0yd6detzrif95jdRER82MySQ1IOlgUZRybGLcawq3mAJqeNcSQhWzt2J6T2wlxvY5sgU0kyYv2F688RYmye1exXMr3tVB6fR42NAC2kLbqIw8dIhO0QWqohqi6Am9oFf05jw7786n8zWITjnDmU00AufnF0Jlqj0=</latexit>

L!0 �
1

C!0
= 0

<latexit sha1_base64="RnDPn3t2YcpYoV/eWCQeTsmS4Bg=">AAACHXicbZDLSsNAFIYn9VbrrerSzWgR3FgSEXShUOjGhYsK9gJNKJPpSTt0MgkzE6GErH0Mn8CtPoE7cSs+gO/h9CLY1h8Gfv5zDufM58ecKW3bX1ZuaXlldS2/XtjY3NreKe7uNVSUSAp1GvFItnyigDMBdc00h1YsgYQ+h6Y/qI7qzQeQikXiXg9j8ELSEyxglGgTdYqHt24UQo90bHyK3UASmjpZWv0Ns2u7UyzZZXssvGicqSmhqWqd4rfbjWgSgtCUE6Xajh1rLyVSM8ohK7iJgpjQAelB21hBQlBeOv5Kho9N0sVBJM0TGo/TvxMpCZUahr7pDInuq/naKPyv1k50cOmlTMSJBkEni4KEYx3hERfcZRKo5kNjCJXM3Ippnxge2tCb2QKKCZ0VDBdnnsKiaZyVHbvs3J2XKldTQnl0gI7QCXLQBaqgG1RDdUTRI3pGL+jVerLerHfrY9Kas6Yz+2hG1ucPiG+hZQ==</latexit><latexit sha1_base64="RnDPn3t2YcpYoV/eWCQeTsmS4Bg=">AAACHXicbZDLSsNAFIYn9VbrrerSzWgR3FgSEXShUOjGhYsK9gJNKJPpSTt0MgkzE6GErH0Mn8CtPoE7cSs+gO/h9CLY1h8Gfv5zDufM58ecKW3bX1ZuaXlldS2/XtjY3NreKe7uNVSUSAp1GvFItnyigDMBdc00h1YsgYQ+h6Y/qI7qzQeQikXiXg9j8ELSEyxglGgTdYqHt24UQo90bHyK3UASmjpZWv0Ns2u7UyzZZXssvGicqSmhqWqd4rfbjWgSgtCUE6Xajh1rLyVSM8ohK7iJgpjQAelB21hBQlBeOv5Kho9N0sVBJM0TGo/TvxMpCZUahr7pDInuq/naKPyv1k50cOmlTMSJBkEni4KEYx3hERfcZRKo5kNjCJXM3Ippnxge2tCb2QKKCZ0VDBdnnsKiaZyVHbvs3J2XKldTQnl0gI7QCXLQBaqgG1RDdUTRI3pGL+jVerLerHfrY9Kas6Yz+2hG1ucPiG+hZQ==</latexit><latexit sha1_base64="RnDPn3t2YcpYoV/eWCQeTsmS4Bg=">AAACHXicbZDLSsNAFIYn9VbrrerSzWgR3FgSEXShUOjGhYsK9gJNKJPpSTt0MgkzE6GErH0Mn8CtPoE7cSs+gO/h9CLY1h8Gfv5zDufM58ecKW3bX1ZuaXlldS2/XtjY3NreKe7uNVSUSAp1GvFItnyigDMBdc00h1YsgYQ+h6Y/qI7qzQeQikXiXg9j8ELSEyxglGgTdYqHt24UQo90bHyK3UASmjpZWv0Ns2u7UyzZZXssvGicqSmhqWqd4rfbjWgSgtCUE6Xajh1rLyVSM8ohK7iJgpjQAelB21hBQlBeOv5Kho9N0sVBJM0TGo/TvxMpCZUahr7pDInuq/naKPyv1k50cOmlTMSJBkEni4KEYx3hERfcZRKo5kNjCJXM3Ippnxge2tCb2QKKCZ0VDBdnnsKiaZyVHbvs3J2XKldTQnl0gI7QCXLQBaqgG1RDdUTRI3pGL+jVerLerHfrY9Kas6Yz+2hG1ucPiG+hZQ==</latexit><latexit sha1_base64="RnDPn3t2YcpYoV/eWCQeTsmS4Bg=">AAACHXicbZDLSsNAFIYn9VbrrerSzWgR3FgSEXShUOjGhYsK9gJNKJPpSTt0MgkzE6GErH0Mn8CtPoE7cSs+gO/h9CLY1h8Gfv5zDufM58ecKW3bX1ZuaXlldS2/XtjY3NreKe7uNVSUSAp1GvFItnyigDMBdc00h1YsgYQ+h6Y/qI7qzQeQikXiXg9j8ELSEyxglGgTdYqHt24UQo90bHyK3UASmjpZWv0Ns2u7UyzZZXssvGicqSmhqWqd4rfbjWgSgtCUE6Xajh1rLyVSM8ohK7iJgpjQAelB21hBQlBeOv5Kho9N0sVBJM0TGo/TvxMpCZUahr7pDInuq/naKPyv1k50cOmlTMSJBkEni4KEYx3hERfcZRKo5kNjCJXM3Ippnxge2tCb2QKKCZ0VDBdnnsKiaZyVHbvs3J2XKldTQnl0gI7QCXLQBaqgG1RDdUTRI3pGL+jVerLerHfrY9Kas6Yz+2hG1ucPiG+hZQ==</latexit>

�i = � arg


R+ j

✓
L! � 1

C!

◆�

<latexit sha1_base64="P8bBem8HOfZ7LbzYNutXOk4NQJQ="></latexit><latexit sha1_base64="P8bBem8HOfZ7LbzYNutXOk4NQJQ="></latexit><latexit sha1_base64="P8bBem8HOfZ7LbzYNutXOk4NQJQ="></latexit><latexit sha1_base64="P8bBem8HOfZ7LbzYNutXOk4NQJQ="></latexit>

Imax =
Emax

h
R2 +

�
L! � 1

C!

�2i1/2
<latexit sha1_base64="+x/6HwAbGKhtaHsMGniNT5OCUvY="></latexit><latexit sha1_base64="+x/6HwAbGKhtaHsMGniNT5OCUvY="></latexit><latexit sha1_base64="+x/6HwAbGKhtaHsMGniNT5OCUvY="></latexit><latexit sha1_base64="+x/6HwAbGKhtaHsMGniNT5OCUvY="></latexit>

2. RLC circuit and resonance

at low frequencies:

Imax = f(!) =
Emax

h
R2 +

�
L! � 1

C!

�2i1/2
<latexit sha1_base64="a1JXU5yrOwTi8lSUltC48yt0UgI="></latexit><latexit sha1_base64="a1JXU5yrOwTi8lSUltC48yt0UgI="></latexit><latexit sha1_base64="a1JXU5yrOwTi8lSUltC48yt0UgI="></latexit><latexit sha1_base64="a1JXU5yrOwTi8lSUltC48yt0UgI="></latexit>

! �! 0
<latexit sha1_base64="mlQ/JnF6iEG3PSLgIOasvaskf9Q=">AAACFHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7Iugx6MVjBPOAJITZSWczZHZmmelVQoif4Rd41S/wJl69+wH+h5PHwSQWNBRV3XR3hYkUFn3/28usrK6tb2Q3c1vbO7t7+f2DqtWp4VDhWmpTD5kFKRRUUKCEemKAxaGEWti/Gfu1BzBWaHWPgwRaMYuU6ArO0Ent/FFTxxAx2pRaRUZEPWTG6Efqt/MFv+hPQJdJMCMFMkO5nf9pdjRPY1DIJbO2EfgJtobMoOASRrlmaiFhvM8iaDiqWAy2NZx8MKKnTunQrjauFNKJ+ndiyGJrB3HoOmOGPbvojcX/vEaK3avWUKgkRVB8uqibSoqajuOgHWGAoxw4wrgR7lbKe8wwji60uS1ghcJRzuUSLKawTKrnxcAvBncXhdL1LKEsOSYn5IwE5JKUyC0pkwrh5Im8kFfy5j17796H9zltzXizmUMyB+/rF1uTntE=</latexit><latexit sha1_base64="mlQ/JnF6iEG3PSLgIOasvaskf9Q=">AAACFHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7Iugx6MVjBPOAJITZSWczZHZmmelVQoif4Rd41S/wJl69+wH+h5PHwSQWNBRV3XR3hYkUFn3/28usrK6tb2Q3c1vbO7t7+f2DqtWp4VDhWmpTD5kFKRRUUKCEemKAxaGEWti/Gfu1BzBWaHWPgwRaMYuU6ArO0Ent/FFTxxAx2pRaRUZEPWTG6Efqt/MFv+hPQJdJMCMFMkO5nf9pdjRPY1DIJbO2EfgJtobMoOASRrlmaiFhvM8iaDiqWAy2NZx8MKKnTunQrjauFNKJ+ndiyGJrB3HoOmOGPbvojcX/vEaK3avWUKgkRVB8uqibSoqajuOgHWGAoxw4wrgR7lbKe8wwji60uS1ghcJRzuUSLKawTKrnxcAvBncXhdL1LKEsOSYn5IwE5JKUyC0pkwrh5Im8kFfy5j17796H9zltzXizmUMyB+/rF1uTntE=</latexit><latexit sha1_base64="mlQ/JnF6iEG3PSLgIOasvaskf9Q=">AAACFHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7Iugx6MVjBPOAJITZSWczZHZmmelVQoif4Rd41S/wJl69+wH+h5PHwSQWNBRV3XR3hYkUFn3/28usrK6tb2Q3c1vbO7t7+f2DqtWp4VDhWmpTD5kFKRRUUKCEemKAxaGEWti/Gfu1BzBWaHWPgwRaMYuU6ArO0Ent/FFTxxAx2pRaRUZEPWTG6Efqt/MFv+hPQJdJMCMFMkO5nf9pdjRPY1DIJbO2EfgJtobMoOASRrlmaiFhvM8iaDiqWAy2NZx8MKKnTunQrjauFNKJ+ndiyGJrB3HoOmOGPbvojcX/vEaK3avWUKgkRVB8uqibSoqajuOgHWGAoxw4wrgR7lbKe8wwji60uS1ghcJRzuUSLKawTKrnxcAvBncXhdL1LKEsOSYn5IwE5JKUyC0pkwrh5Im8kFfy5j17796H9zltzXizmUMyB+/rF1uTntE=</latexit><latexit sha1_base64="mlQ/JnF6iEG3PSLgIOasvaskf9Q=">AAACFHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7Iugx6MVjBPOAJITZSWczZHZmmelVQoif4Rd41S/wJl69+wH+h5PHwSQWNBRV3XR3hYkUFn3/28usrK6tb2Q3c1vbO7t7+f2DqtWp4VDhWmpTD5kFKRRUUKCEemKAxaGEWti/Gfu1BzBWaHWPgwRaMYuU6ArO0Ent/FFTxxAx2pRaRUZEPWTG6Efqt/MFv+hPQJdJMCMFMkO5nf9pdjRPY1DIJbO2EfgJtobMoOASRrlmaiFhvM8iaDiqWAy2NZx8MKKnTunQrjauFNKJ+ndiyGJrB3HoOmOGPbvojcX/vEaK3avWUKgkRVB8uqibSoqajuOgHWGAoxw4wrgR7lbKe8wwji60uS1ghcJRzuUSLKawTKrnxcAvBncXhdL1LKEsOSYn5IwE5JKUyC0pkwrh5Im8kFfy5j17796H9zltzXizmUMyB+/rF1uTntE=</latexit>

f(!) ⇠ C!Emax
<latexit sha1_base64="k94vm5RilRr6YNvdeoqRRGJANPo=">AAACIXicbVDLSgMxFM3UV62vqks3wVKomzIjgi6LRXBZwT6gU0omvdOGJpkhyYhl6Bf4GX6BW/0Cd+JOXPsfpo+FbT0QOPece7k3J4g508Z1v5zM2vrG5lZ2O7ezu7d/kD88augoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwrE785gMozSJ5b0YxdATpSxYySoyVuvliWPIjAX1yhn3NBK7OKnzT9QUxAyVSQR7H3XzBLbtT4FXizUkBzVHr5n/8XkQTAdJQTrRue25sOilRhlEO45yfaIgJHZI+tC2VRIDupNPvjHHRKj0cRso+afBU/TuREqH1SAS2c3KjXvYm4n9eOzHhVSdlMk4MSDpbFCYcmwhPssE9poAaPrKEUMXsrZgOiCLU2AQXtoBm0oxzNhdvOYVV0jgve27Zu7soVK7nCWXRCTpFJeShS1RBt6iG6oiiJ/SCXtGb8+y8Ox/O56w148xnjtECnO9ful+juQ==</latexit><latexit sha1_base64="k94vm5RilRr6YNvdeoqRRGJANPo=">AAACIXicbVDLSgMxFM3UV62vqks3wVKomzIjgi6LRXBZwT6gU0omvdOGJpkhyYhl6Bf4GX6BW/0Cd+JOXPsfpo+FbT0QOPece7k3J4g508Z1v5zM2vrG5lZ2O7ezu7d/kD88augoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwrE785gMozSJ5b0YxdATpSxYySoyVuvliWPIjAX1yhn3NBK7OKnzT9QUxAyVSQR7H3XzBLbtT4FXizUkBzVHr5n/8XkQTAdJQTrRue25sOilRhlEO45yfaIgJHZI+tC2VRIDupNPvjHHRKj0cRso+afBU/TuREqH1SAS2c3KjXvYm4n9eOzHhVSdlMk4MSDpbFCYcmwhPssE9poAaPrKEUMXsrZgOiCLU2AQXtoBm0oxzNhdvOYVV0jgve27Zu7soVK7nCWXRCTpFJeShS1RBt6iG6oiiJ/SCXtGb8+y8Ox/O56w148xnjtECnO9ful+juQ==</latexit><latexit sha1_base64="k94vm5RilRr6YNvdeoqRRGJANPo=">AAACIXicbVDLSgMxFM3UV62vqks3wVKomzIjgi6LRXBZwT6gU0omvdOGJpkhyYhl6Bf4GX6BW/0Cd+JOXPsfpo+FbT0QOPece7k3J4g508Z1v5zM2vrG5lZ2O7ezu7d/kD88augoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwrE785gMozSJ5b0YxdATpSxYySoyVuvliWPIjAX1yhn3NBK7OKnzT9QUxAyVSQR7H3XzBLbtT4FXizUkBzVHr5n/8XkQTAdJQTrRue25sOilRhlEO45yfaIgJHZI+tC2VRIDupNPvjHHRKj0cRso+afBU/TuREqH1SAS2c3KjXvYm4n9eOzHhVSdlMk4MSDpbFCYcmwhPssE9poAaPrKEUMXsrZgOiCLU2AQXtoBm0oxzNhdvOYVV0jgve27Zu7soVK7nCWXRCTpFJeShS1RBt6iG6oiiJ/SCXtGb8+y8Ox/O56w148xnjtECnO9ful+juQ==</latexit><latexit sha1_base64="k94vm5RilRr6YNvdeoqRRGJANPo=">AAACIXicbVDLSgMxFM3UV62vqks3wVKomzIjgi6LRXBZwT6gU0omvdOGJpkhyYhl6Bf4GX6BW/0Cd+JOXPsfpo+FbT0QOPece7k3J4g508Z1v5zM2vrG5lZ2O7ezu7d/kD88augoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwrE785gMozSJ5b0YxdATpSxYySoyVuvliWPIjAX1yhn3NBK7OKnzT9QUxAyVSQR7H3XzBLbtT4FXizUkBzVHr5n/8XkQTAdJQTrRue25sOilRhlEO45yfaIgJHZI+tC2VRIDupNPvjHHRKj0cRso+afBU/TuREqH1SAS2c3KjXvYm4n9eOzHhVSdlMk4MSDpbFCYcmwhPssE9poAaPrKEUMXsrZgOiCLU2AQXtoBm0oxzNhdvOYVV0jgve27Zu7soVK7nCWXRCTpFJeShS1RBt6iG6oiiJ/SCXtGb8+y8Ox/O56w148xnjtECnO9ful+juQ==</latexit>

f(!) ⇠ Emax

L!
<latexit sha1_base64="bH96aHBFS9/SdFd+OoC/79rEVBI=">AAACKXicbVDLSgMxFM34tr5GXboJFqEuLDMi6LIoggsXCrYVOqVk0js1mGSGJCOWYb7Cz/AL3OoXuFO34n+YaWeh1QOBwznncm9OmHCmjee9O1PTM7Nz8wuLlaXlldU1d32jpeNUUWjSmMfqOiQaOJPQNMxwuE4UEBFyaIe3J4XfvgOlWSyvzDCBriADySJGibFSz92LakEsYEB2caCZwEGkCM1Oe4Eg5kaJTJD7PM/Ox5m851a9ujcC/kv8klRRiYue+xX0Y5oKkIZyonXH9xLTzYgyjHLIK0GqISH0lgygY6kkAnQ3G30rxztW6eMoVvZJg0fqz4mMCK2HIrTJ4lo96RXif14nNdFRN2MySQ1IOl4UpRybGBcd4T5TQA0fWkKoYvZWTG+ILcbYJn9tAc2kySu2F3+yhb+ktV/3vbp/eVBtHJcNLaAttI1qyEeHqIHO0AVqIooe0BN6Ri/Oo/PqvDkf4+iUU85sol9wPr8Be0en2g==</latexit><latexit sha1_base64="bH96aHBFS9/SdFd+OoC/79rEVBI=">AAACKXicbVDLSgMxFM34tr5GXboJFqEuLDMi6LIoggsXCrYVOqVk0js1mGSGJCOWYb7Cz/AL3OoXuFO34n+YaWeh1QOBwznncm9OmHCmjee9O1PTM7Nz8wuLlaXlldU1d32jpeNUUWjSmMfqOiQaOJPQNMxwuE4UEBFyaIe3J4XfvgOlWSyvzDCBriADySJGibFSz92LakEsYEB2caCZwEGkCM1Oe4Eg5kaJTJD7PM/Ox5m851a9ujcC/kv8klRRiYue+xX0Y5oKkIZyonXH9xLTzYgyjHLIK0GqISH0lgygY6kkAnQ3G30rxztW6eMoVvZJg0fqz4mMCK2HIrTJ4lo96RXif14nNdFRN2MySQ1IOl4UpRybGBcd4T5TQA0fWkKoYvZWTG+ILcbYJn9tAc2kySu2F3+yhb+ktV/3vbp/eVBtHJcNLaAttI1qyEeHqIHO0AVqIooe0BN6Ri/Oo/PqvDkf4+iUU85sol9wPr8Be0en2g==</latexit><latexit sha1_base64="bH96aHBFS9/SdFd+OoC/79rEVBI=">AAACKXicbVDLSgMxFM34tr5GXboJFqEuLDMi6LIoggsXCrYVOqVk0js1mGSGJCOWYb7Cz/AL3OoXuFO34n+YaWeh1QOBwznncm9OmHCmjee9O1PTM7Nz8wuLlaXlldU1d32jpeNUUWjSmMfqOiQaOJPQNMxwuE4UEBFyaIe3J4XfvgOlWSyvzDCBriADySJGibFSz92LakEsYEB2caCZwEGkCM1Oe4Eg5kaJTJD7PM/Ox5m851a9ujcC/kv8klRRiYue+xX0Y5oKkIZyonXH9xLTzYgyjHLIK0GqISH0lgygY6kkAnQ3G30rxztW6eMoVvZJg0fqz4mMCK2HIrTJ4lo96RXif14nNdFRN2MySQ1IOl4UpRybGBcd4T5TQA0fWkKoYvZWTG+ILcbYJn9tAc2kySu2F3+yhb+ktV/3vbp/eVBtHJcNLaAttI1qyEeHqIHO0AVqIooe0BN6Ri/Oo/PqvDkf4+iUU85sol9wPr8Be0en2g==</latexit><latexit sha1_base64="bH96aHBFS9/SdFd+OoC/79rEVBI=">AAACKXicbVDLSgMxFM34tr5GXboJFqEuLDMi6LIoggsXCrYVOqVk0js1mGSGJCOWYb7Cz/AL3OoXuFO34n+YaWeh1QOBwznncm9OmHCmjee9O1PTM7Nz8wuLlaXlldU1d32jpeNUUWjSmMfqOiQaOJPQNMxwuE4UEBFyaIe3J4XfvgOlWSyvzDCBriADySJGibFSz92LakEsYEB2caCZwEGkCM1Oe4Eg5kaJTJD7PM/Ox5m851a9ujcC/kv8klRRiYue+xX0Y5oKkIZyonXH9xLTzYgyjHLIK0GqISH0lgygY6kkAnQ3G30rxztW6eMoVvZJg0fqz4mMCK2HIrTJ4lo96RXif14nNdFRN2MySQ1IOl4UpRybGBcd4T5TQA0fWkKoYvZWTG+ILcbYJn9tAc2kySu2F3+yhb+ktV/3vbp/eVBtHJcNLaAttI1qyEeHqIHO0AVqIooe0BN6Ri/Oo/PqvDkf4+iUU85sol9wPr8Be0en2g==</latexit>

! �! +1
<latexit sha1_base64="D4Gd9vpxTo7L6ZkyvqMQK1kLkVU=">AAACGnicbVDLSgNBEJz1bXxFPQoyGARBCLsi6DHoxaOCSYRsCLOT3s3g7Mwy06uEkJuf4Rd41S/wJl69+AH+h5PHwSQWNBRV3XR3RZkUFn3/25ubX1hcWl5ZLaytb2xuFbd3albnhkOVa6nNXcQsSKGgigIl3GUGWBpJqEf3lwO//gDGCq1usZtBM2WJErHgDJ3UKu6HOoWE0VBqlRiRdJAZox/pcShUjN1WseSX/SHoLAnGpETGuG4Vf8K25nkKCrlk1jYCP8NmjxkUXEK/EOYWMsbvWQINRxVLwTZ7wz/69NApbRpr40ohHap/J3ostbabRq4zZdix095A/M9r5BifN3tCZTmC4qNFcS4pajoIhbaFAY6y6wjjRrhbKe8wwzi66Ca2gBUK+wWXSzCdwiypnZQDvxzcnJYqF+OEVsgeOSBHJCBnpEKuyDWpEk6eyAt5JW/es/fufXifo9Y5bzyzSybgff0Cc4Ohjg==</latexit><latexit sha1_base64="D4Gd9vpxTo7L6ZkyvqMQK1kLkVU=">AAACGnicbVDLSgNBEJz1bXxFPQoyGARBCLsi6DHoxaOCSYRsCLOT3s3g7Mwy06uEkJuf4Rd41S/wJl69+AH+h5PHwSQWNBRV3XR3RZkUFn3/25ubX1hcWl5ZLaytb2xuFbd3albnhkOVa6nNXcQsSKGgigIl3GUGWBpJqEf3lwO//gDGCq1usZtBM2WJErHgDJ3UKu6HOoWE0VBqlRiRdJAZox/pcShUjN1WseSX/SHoLAnGpETGuG4Vf8K25nkKCrlk1jYCP8NmjxkUXEK/EOYWMsbvWQINRxVLwTZ7wz/69NApbRpr40ohHap/J3ostbabRq4zZdix095A/M9r5BifN3tCZTmC4qNFcS4pajoIhbaFAY6y6wjjRrhbKe8wwzi66Ca2gBUK+wWXSzCdwiypnZQDvxzcnJYqF+OEVsgeOSBHJCBnpEKuyDWpEk6eyAt5JW/es/fufXifo9Y5bzyzSybgff0Cc4Ohjg==</latexit><latexit sha1_base64="D4Gd9vpxTo7L6ZkyvqMQK1kLkVU=">AAACGnicbVDLSgNBEJz1bXxFPQoyGARBCLsi6DHoxaOCSYRsCLOT3s3g7Mwy06uEkJuf4Rd41S/wJl69+AH+h5PHwSQWNBRV3XR3RZkUFn3/25ubX1hcWl5ZLaytb2xuFbd3albnhkOVa6nNXcQsSKGgigIl3GUGWBpJqEf3lwO//gDGCq1usZtBM2WJErHgDJ3UKu6HOoWE0VBqlRiRdJAZox/pcShUjN1WseSX/SHoLAnGpETGuG4Vf8K25nkKCrlk1jYCP8NmjxkUXEK/EOYWMsbvWQINRxVLwTZ7wz/69NApbRpr40ohHap/J3ostbabRq4zZdix095A/M9r5BifN3tCZTmC4qNFcS4pajoIhbaFAY6y6wjjRrhbKe8wwzi66Ca2gBUK+wWXSzCdwiypnZQDvxzcnJYqF+OEVsgeOSBHJCBnpEKuyDWpEk6eyAt5JW/es/fufXifo9Y5bzyzSybgff0Cc4Ohjg==</latexit><latexit sha1_base64="D4Gd9vpxTo7L6ZkyvqMQK1kLkVU=">AAACGnicbVDLSgNBEJz1bXxFPQoyGARBCLsi6DHoxaOCSYRsCLOT3s3g7Mwy06uEkJuf4Rd41S/wJl69+AH+h5PHwSQWNBRV3XR3RZkUFn3/25ubX1hcWl5ZLaytb2xuFbd3albnhkOVa6nNXcQsSKGgigIl3GUGWBpJqEf3lwO//gDGCq1usZtBM2WJErHgDJ3UKu6HOoWE0VBqlRiRdJAZox/pcShUjN1WseSX/SHoLAnGpETGuG4Vf8K25nkKCrlk1jYCP8NmjxkUXEK/EOYWMsbvWQINRxVLwTZ7wz/69NApbRpr40ohHap/J3ostbabRq4zZdix095A/M9r5BifN3tCZTmC4qNFcS4pajoIhbaFAY6y6wjjRrhbKe8wwzi66Ca2gBUK+wWXSzCdwiypnZQDvxzcnJYqF+OEVsgeOSBHJCBnpEKuyDWpEk6eyAt5JW/es/fufXifo9Y5bzyzSybgff0Cc4Ohjg==</latexit>

at high frequencies:

resonance frequency:

! = !0
<latexit sha1_base64="p7VhCHBtoaPJtawIu2urORFtrXc=">AAACC3icbVBLSgNBEO3xG+Mnoy7dNAbBVZgRQTdC0I3LCOYDyTD0dGqSJj3dQ3ePEIYcwRO41RO4E7cewgN4DzvJLEzig6Ie71VRxYtSzrTxvG9nbX1jc2u7tFPe3ds/qLiHRy0tM0WhSSWXqhMRDZwJaBpmOHRSBSSJOLSj0d3Ubz+B0kyKRzNOIUjIQLCYUWKsFLqVnkxgQG7mLfRCt+rVvBnwKvELUkUFGqH70+tLmiUgDOVE667vpSbIiTKMcpiUe5mGlNARGUDXUkES0EE+e3yCz6zSx7FUtoTBM/XvRk4SrcdJZCcTYoZ62ZuK/3ndzMTXQc5EmhkQdH4ozjg2Ek9TwH2mgBo+toRQxeyvmA6JItTYrBaugGbCTMo2F385hVXSuqj5Xs1/uKzWb4uESugEnaJz5KMrVEf3qIGaiKIMvaBX9OY8O+/Oh/M5H11zip1jtADn6xcY+prj</latexit><latexit sha1_base64="p7VhCHBtoaPJtawIu2urORFtrXc=">AAACC3icbVBLSgNBEO3xG+Mnoy7dNAbBVZgRQTdC0I3LCOYDyTD0dGqSJj3dQ3ePEIYcwRO41RO4E7cewgN4DzvJLEzig6Ie71VRxYtSzrTxvG9nbX1jc2u7tFPe3ds/qLiHRy0tM0WhSSWXqhMRDZwJaBpmOHRSBSSJOLSj0d3Ubz+B0kyKRzNOIUjIQLCYUWKsFLqVnkxgQG7mLfRCt+rVvBnwKvELUkUFGqH70+tLmiUgDOVE667vpSbIiTKMcpiUe5mGlNARGUDXUkES0EE+e3yCz6zSx7FUtoTBM/XvRk4SrcdJZCcTYoZ62ZuK/3ndzMTXQc5EmhkQdH4ozjg2Ek9TwH2mgBo+toRQxeyvmA6JItTYrBaugGbCTMo2F385hVXSuqj5Xs1/uKzWb4uESugEnaJz5KMrVEf3qIGaiKIMvaBX9OY8O+/Oh/M5H11zip1jtADn6xcY+prj</latexit><latexit sha1_base64="p7VhCHBtoaPJtawIu2urORFtrXc=">AAACC3icbVBLSgNBEO3xG+Mnoy7dNAbBVZgRQTdC0I3LCOYDyTD0dGqSJj3dQ3ePEIYcwRO41RO4E7cewgN4DzvJLEzig6Ie71VRxYtSzrTxvG9nbX1jc2u7tFPe3ds/qLiHRy0tM0WhSSWXqhMRDZwJaBpmOHRSBSSJOLSj0d3Ubz+B0kyKRzNOIUjIQLCYUWKsFLqVnkxgQG7mLfRCt+rVvBnwKvELUkUFGqH70+tLmiUgDOVE667vpSbIiTKMcpiUe5mGlNARGUDXUkES0EE+e3yCz6zSx7FUtoTBM/XvRk4SrcdJZCcTYoZ62ZuK/3ndzMTXQc5EmhkQdH4ozjg2Ek9TwH2mgBo+toRQxeyvmA6JItTYrBaugGbCTMo2F385hVXSuqj5Xs1/uKzWb4uESugEnaJz5KMrVEf3qIGaiKIMvaBX9OY8O+/Oh/M5H11zip1jtADn6xcY+prj</latexit><latexit sha1_base64="p7VhCHBtoaPJtawIu2urORFtrXc=">AAACC3icbVBLSgNBEO3xG+Mnoy7dNAbBVZgRQTdC0I3LCOYDyTD0dGqSJj3dQ3ePEIYcwRO41RO4E7cewgN4DzvJLEzig6Ie71VRxYtSzrTxvG9nbX1jc2u7tFPe3ds/qLiHRy0tM0WhSSWXqhMRDZwJaBpmOHRSBSSJOLSj0d3Ubz+B0kyKRzNOIUjIQLCYUWKsFLqVnkxgQG7mLfRCt+rVvBnwKvELUkUFGqH70+tLmiUgDOVE667vpSbIiTKMcpiUe5mGlNARGUDXUkES0EE+e3yCz6zSx7FUtoTBM/XvRk4SrcdJZCcTYoZ62ZuK/3ndzMTXQc5EmhkQdH4ozjg2Ek9TwH2mgBo+toRQxeyvmA6JItTYrBaugGbCTMo2F385hVXSuqj5Xs1/uKzWb4uESugEnaJz5KMrVEf3qIGaiKIMvaBX9OY8O+/Oh/M5H11zip1jtADn6xcY+prj</latexit>

f(!0) = Emax/R
<latexit sha1_base64="gqLOTCGvPPW2hHwPlBZE6JOniQY=">AAACGnicbVDLSgNBEJyNrxhfUY+CDAZBL3FXBL0IQRE8RjEmkIRldtIbh8zMLjOzYlj25mf4BV71C7yJVy9+gP/h5HEw0YKGoqqb7q4g5kwb1/1ycjOzc/ML+cXC0vLK6lpxfeNWR4miUKMRj1QjIBo4k1AzzHBoxAqICDjUg975wK/fg9IskjemH0NbkK5kIaPEWMkvbod7rUhAl/juPj7FF35LEHOnRCrIQ3Zw7RdLbtkdAv8l3piU0BhVv/jd6kQ0ESAN5UTrpufGpp0SZRjlkBVaiYaY0B7pQtNSSQTodjr8I8O7VungMFK2pMFD9fdESoTWfRHYzsGVetobiP95zcSEJ+2UyTgxIOloUZhwbCI8CAV3mAJqeN8SQhWzt2J6RxShxkY3sQU0kyYr2Fy86RT+ktvDsueWvaujUuVsnFAebaEdtIc8dIwq6BJVUQ1R9Iie0Qt6dZ6cN+fd+Ri15pzxzCaagPP5A2bKoFM=</latexit><latexit sha1_base64="gqLOTCGvPPW2hHwPlBZE6JOniQY=">AAACGnicbVDLSgNBEJyNrxhfUY+CDAZBL3FXBL0IQRE8RjEmkIRldtIbh8zMLjOzYlj25mf4BV71C7yJVy9+gP/h5HEw0YKGoqqb7q4g5kwb1/1ycjOzc/ML+cXC0vLK6lpxfeNWR4miUKMRj1QjIBo4k1AzzHBoxAqICDjUg975wK/fg9IskjemH0NbkK5kIaPEWMkvbod7rUhAl/juPj7FF35LEHOnRCrIQ3Zw7RdLbtkdAv8l3piU0BhVv/jd6kQ0ESAN5UTrpufGpp0SZRjlkBVaiYaY0B7pQtNSSQTodjr8I8O7VungMFK2pMFD9fdESoTWfRHYzsGVetobiP95zcSEJ+2UyTgxIOloUZhwbCI8CAV3mAJqeN8SQhWzt2J6RxShxkY3sQU0kyYr2Fy86RT+ktvDsueWvaujUuVsnFAebaEdtIc8dIwq6BJVUQ1R9Iie0Qt6dZ6cN+fd+Ri15pzxzCaagPP5A2bKoFM=</latexit><latexit sha1_base64="gqLOTCGvPPW2hHwPlBZE6JOniQY=">AAACGnicbVDLSgNBEJyNrxhfUY+CDAZBL3FXBL0IQRE8RjEmkIRldtIbh8zMLjOzYlj25mf4BV71C7yJVy9+gP/h5HEw0YKGoqqb7q4g5kwb1/1ycjOzc/ML+cXC0vLK6lpxfeNWR4miUKMRj1QjIBo4k1AzzHBoxAqICDjUg975wK/fg9IskjemH0NbkK5kIaPEWMkvbod7rUhAl/juPj7FF35LEHOnRCrIQ3Zw7RdLbtkdAv8l3piU0BhVv/jd6kQ0ESAN5UTrpufGpp0SZRjlkBVaiYaY0B7pQtNSSQTodjr8I8O7VungMFK2pMFD9fdESoTWfRHYzsGVetobiP95zcSEJ+2UyTgxIOloUZhwbCI8CAV3mAJqeN8SQhWzt2J6RxShxkY3sQU0kyYr2Fy86RT+ktvDsueWvaujUuVsnFAebaEdtIc8dIwq6BJVUQ1R9Iie0Qt6dZ6cN+fd+Ri15pzxzCaagPP5A2bKoFM=</latexit><latexit sha1_base64="gqLOTCGvPPW2hHwPlBZE6JOniQY=">AAACGnicbVDLSgNBEJyNrxhfUY+CDAZBL3FXBL0IQRE8RjEmkIRldtIbh8zMLjOzYlj25mf4BV71C7yJVy9+gP/h5HEw0YKGoqqb7q4g5kwb1/1ycjOzc/ML+cXC0vLK6lpxfeNWR4miUKMRj1QjIBo4k1AzzHBoxAqICDjUg975wK/fg9IskjemH0NbkK5kIaPEWMkvbod7rUhAl/juPj7FF35LEHOnRCrIQ3Zw7RdLbtkdAv8l3piU0BhVv/jd6kQ0ESAN5UTrpufGpp0SZRjlkBVaiYaY0B7pQtNSSQTodjr8I8O7VungMFK2pMFD9fdESoTWfRHYzsGVetobiP95zcSEJ+2UyTgxIOloUZhwbCI8CAV3mAJqeN8SQhWzt2J6RxShxkY3sQU0kyYr2Fy86RT+ktvDsueWvaujUuVsnFAebaEdtIc8dIwq6BJVUQ1R9Iie0Qt6dZ6cN+fd+Ri15pzxzCaagPP5A2bKoFM=</latexit>

�! = R/L
<latexit sha1_base64="NcZTKwuf+MddAwcWpzetOySdslU="></latexit><latexit sha1_base64="NcZTKwuf+MddAwcWpzetOySdslU="></latexit><latexit sha1_base64="NcZTKwuf+MddAwcWpzetOySdslU="></latexit><latexit sha1_base64="NcZTKwuf+MddAwcWpzetOySdslU="></latexit> Q =

!0

�!
= 5

<latexit sha1_base64="Rda+39R0uXxVHSCTurRcHue/FaQ="></latexit><latexit sha1_base64="Rda+39R0uXxVHSCTurRcHue/FaQ="></latexit><latexit sha1_base64="Rda+39R0uXxVHSCTurRcHue/FaQ="></latexit><latexit sha1_base64="Rda+39R0uXxVHSCTurRcHue/FaQ="></latexit>

quality factor

1p
2

<latexit sha1_base64="2su+zNFlAnVtm2pfinxNff4TT1g=">AAACDnicdVBLSgNBEO3xG+MvxqWbxiC4kDAzhiTuAm5cRjAfSELo6fTExp6esbtGDMPcwRO41RO4E7dewQN4D3uSCEb0QcHjvSqq6nmR4Bps+8NaWl5ZXVvPbeQ3t7Z3dgt7xbYOY0VZi4YiVF2PaCa4ZC3gIFg3UowEnmAd7+Y88zt3TGkeyiuYRGwQkLHkPqcEjDQsFPu+IjRx0qSvbxUkbpoOCyW7fFavupUqtsu2XXNcJyNurXJawY5RMpTQHM1h4bM/CmkcMAlUEK17jh3BICEKOBUszfdjzSJCb8iY9QyVJGB6kExvT/GRUUbYD5UpCXiq/pxISKD1JPBMZ0DgWv/2MvEvrxeDXx8kXEYxMElni/xYYAhxFgQeccUoiIkhhCpubsX0mpgwwMS1sIVpLiHNm1y+n8f/k7Zbduyyc1kpNU7mCeXQATpEx8hBNdRAF6iJWoiie/SIntCz9WC9WK/W26x1yZrP7KMFWO9f4oudAA==</latexit><latexit sha1_base64="2su+zNFlAnVtm2pfinxNff4TT1g=">AAACDnicdVBLSgNBEO3xG+MvxqWbxiC4kDAzhiTuAm5cRjAfSELo6fTExp6esbtGDMPcwRO41RO4E7dewQN4D3uSCEb0QcHjvSqq6nmR4Bps+8NaWl5ZXVvPbeQ3t7Z3dgt7xbYOY0VZi4YiVF2PaCa4ZC3gIFg3UowEnmAd7+Y88zt3TGkeyiuYRGwQkLHkPqcEjDQsFPu+IjRx0qSvbxUkbpoOCyW7fFavupUqtsu2XXNcJyNurXJawY5RMpTQHM1h4bM/CmkcMAlUEK17jh3BICEKOBUszfdjzSJCb8iY9QyVJGB6kExvT/GRUUbYD5UpCXiq/pxISKD1JPBMZ0DgWv/2MvEvrxeDXx8kXEYxMElni/xYYAhxFgQeccUoiIkhhCpubsX0mpgwwMS1sIVpLiHNm1y+n8f/k7Zbduyyc1kpNU7mCeXQATpEx8hBNdRAF6iJWoiie/SIntCz9WC9WK/W26x1yZrP7KMFWO9f4oudAA==</latexit><latexit sha1_base64="2su+zNFlAnVtm2pfinxNff4TT1g=">AAACDnicdVBLSgNBEO3xG+MvxqWbxiC4kDAzhiTuAm5cRjAfSELo6fTExp6esbtGDMPcwRO41RO4E7dewQN4D3uSCEb0QcHjvSqq6nmR4Bps+8NaWl5ZXVvPbeQ3t7Z3dgt7xbYOY0VZi4YiVF2PaCa4ZC3gIFg3UowEnmAd7+Y88zt3TGkeyiuYRGwQkLHkPqcEjDQsFPu+IjRx0qSvbxUkbpoOCyW7fFavupUqtsu2XXNcJyNurXJawY5RMpTQHM1h4bM/CmkcMAlUEK17jh3BICEKOBUszfdjzSJCb8iY9QyVJGB6kExvT/GRUUbYD5UpCXiq/pxISKD1JPBMZ0DgWv/2MvEvrxeDXx8kXEYxMElni/xYYAhxFgQeccUoiIkhhCpubsX0mpgwwMS1sIVpLiHNm1y+n8f/k7Zbduyyc1kpNU7mCeXQATpEx8hBNdRAF6iJWoiie/SIntCz9WC9WK/W26x1yZrP7KMFWO9f4oudAA==</latexit><latexit sha1_base64="2su+zNFlAnVtm2pfinxNff4TT1g=">AAACDnicdVBLSgNBEO3xG+MvxqWbxiC4kDAzhiTuAm5cRjAfSELo6fTExp6esbtGDMPcwRO41RO4E7dewQN4D3uSCEb0QcHjvSqq6nmR4Bps+8NaWl5ZXVvPbeQ3t7Z3dgt7xbYOY0VZi4YiVF2PaCa4ZC3gIFg3UowEnmAd7+Y88zt3TGkeyiuYRGwQkLHkPqcEjDQsFPu+IjRx0qSvbxUkbpoOCyW7fFavupUqtsu2XXNcJyNurXJawY5RMpTQHM1h4bM/CmkcMAlUEK17jh3BICEKOBUszfdjzSJCb8iY9QyVJGB6kExvT/GRUUbYD5UpCXiq/pxISKD1JPBMZ0DgWv/2MvEvrxeDXx8kXEYxMElni/xYYAhxFgQeccUoiIkhhCpubsX0mpgwwMS1sIVpLiHNm1y+n8f/k7Zbduyyc1kpNU7mCeXQATpEx8hBNdRAF6iJWoiie/SIntCz9WC9WK/W26x1yZrP7KMFWO9f4oudAA==</latexit>



Power in AC circuits

3. Power in AC circuits

Average power P received by an electrical component in AC:

For better comparison between AC and DC, we can use effective values 
for voltage and current:

Ie↵ =
p
hI(t)2i = Imaxp

2
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Ue↵ =
p

hU(t)2i = Umaxp
2
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P = hP (t)i = hU(t)I(t)i = hUmax cos(!t+ �u)Imax cos(!t+ �i)i

=
1

2
UmaxImaxhcos(2!t+ �u + �i) + cos(�u � �i)i

=
1

2
UmaxImax cos(�u � �i)
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=) P = Ue↵Ie↵ cos(�u � �i)
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depends on phase shift between 
voltage and current



3. Power in AC circuits

For the three passive elements:

P = Ue↵Ie↵ cos(�u � �i)
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‣ resistance: Z = R =) �u = �i =) P = Ue↵Ie↵
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‣ coil:

‣ capacitor:

Z = jL! =) �u = �i + ⇡/2 =) P = 0
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Z = 1/jC! =) �u = �i � ⇡/2 =) P = 0
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Electrical energy distribution: needs end-user load power factor close to 1 to 
avoid using large apparent currents with associated Joule heating / energy loss 
in the transmission lines.

term called 

power factor

Filters and Bode plots



4. Filters and Bode plots

Electronic filter:

‣ perform signal processing by removing unwanted frequencies in the signal 
and/or modifying its phase

‣ can be passive and linear if using only resistances, inductances and 
capacitors

‣ can be represented as a quadrupole electrical element (4 terminals):

4. Filters and Bode plots

‣ filter fully characterised by its transfer function H:

H(!) =
Uout

U in

= G(!)ej✓(!)
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gain phase shift 
(between output and input)

‣ the graphical representations of the gain in dB and phase shift in log scale 
are called the Bode plots:

‣ gain in decibel:

Electronic filter:

GdB(!) = 20 log10 G(!)
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4. Filters and Bode plots

Example: low-pass RC filter

Use voltage divider formula: Uout =
ZC

ZC + ZR
U in
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=) Uout =
1/(jC!)

1/(jC!) +R
U in =

1

1 + jRC!
U in
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Transfer function of the low-pass RC filter: H(!) =
Uout

U in

=
1

1 + jRC!
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4. Filters and Bode plots

at low frequencies: at high frequencies:

H(!) =
1

1 + jRC!
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! ⌧ 1/(RC)
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! � 1/(RC)
<latexit sha1_base64="WiRl7t4w7M25J2n+H6kCYZU+Lw8=">AAACDXicbVDLSsNAFJ34rPWV6tLNYBHqpiYi6LLQjcsq9gFNKJPpbTp0MgkzE6WEfoNf4Fa/wJ249Rv8AP/DaZuFbT1w4XDOvZzLCRLOlHacb2ttfWNza7uwU9zd2z84tEtHLRWnkkKTxjyWnYAo4ExAUzPNoZNIIFHAoR2M6lO//QhSsVg86HECfkRCwQaMEm2knl3y4ghCgr0wxO5F5b5+3rPLTtWZAa8SNydllKPRs3+8fkzTCISmnCjVdZ1E+xmRmlEOk6KXKkgIHZEQuoYKEoHys9nrE3xmlD4exNKM0Him/r3ISKTUOArMZkT0UC17U/E/r5vqwY2fMZGkGgSdBw1SjnWMpz3gPpNANR8bQqhk5ldMh0QSqk1bCymgmNCTounFXW5hlbQuq65Tde+uyrVa3lABnaBTVEEuukY1dIsaqIkoekIv6BW9Wc/Wu/Vhfc5X16z85hgtwPr6BZuumnQ=</latexit><latexit sha1_base64="WiRl7t4w7M25J2n+H6kCYZU+Lw8=">AAACDXicbVDLSsNAFJ34rPWV6tLNYBHqpiYi6LLQjcsq9gFNKJPpbTp0MgkzE6WEfoNf4Fa/wJ249Rv8AP/DaZuFbT1w4XDOvZzLCRLOlHacb2ttfWNza7uwU9zd2z84tEtHLRWnkkKTxjyWnYAo4ExAUzPNoZNIIFHAoR2M6lO//QhSsVg86HECfkRCwQaMEm2knl3y4ghCgr0wxO5F5b5+3rPLTtWZAa8SNydllKPRs3+8fkzTCISmnCjVdZ1E+xmRmlEOk6KXKkgIHZEQuoYKEoHys9nrE3xmlD4exNKM0Him/r3ISKTUOArMZkT0UC17U/E/r5vqwY2fMZGkGgSdBw1SjnWMpz3gPpNANR8bQqhk5ldMh0QSqk1bCymgmNCTounFXW5hlbQuq65Tde+uyrVa3lABnaBTVEEuukY1dIsaqIkoekIv6BW9Wc/Wu/Vhfc5X16z85hgtwPr6BZuumnQ=</latexit><latexit sha1_base64="WiRl7t4w7M25J2n+H6kCYZU+Lw8=">AAACDXicbVDLSsNAFJ34rPWV6tLNYBHqpiYi6LLQjcsq9gFNKJPpbTp0MgkzE6WEfoNf4Fa/wJ249Rv8AP/DaZuFbT1w4XDOvZzLCRLOlHacb2ttfWNza7uwU9zd2z84tEtHLRWnkkKTxjyWnYAo4ExAUzPNoZNIIFHAoR2M6lO//QhSsVg86HECfkRCwQaMEm2knl3y4ghCgr0wxO5F5b5+3rPLTtWZAa8SNydllKPRs3+8fkzTCISmnCjVdZ1E+xmRmlEOk6KXKkgIHZEQuoYKEoHys9nrE3xmlD4exNKM0Him/r3ISKTUOArMZkT0UC17U/E/r5vqwY2fMZGkGgSdBw1SjnWMpz3gPpNANR8bQqhk5ldMh0QSqk1bCymgmNCTounFXW5hlbQuq65Tde+uyrVa3lABnaBTVEEuukY1dIsaqIkoekIv6BW9Wc/Wu/Vhfc5X16z85hgtwPr6BZuumnQ=</latexit><latexit sha1_base64="WiRl7t4w7M25J2n+H6kCYZU+Lw8=">AAACDXicbVDLSsNAFJ34rPWV6tLNYBHqpiYi6LLQjcsq9gFNKJPpbTp0MgkzE6WEfoNf4Fa/wJ249Rv8AP/DaZuFbT1w4XDOvZzLCRLOlHacb2ttfWNza7uwU9zd2z84tEtHLRWnkkKTxjyWnYAo4ExAUzPNoZNIIFHAoR2M6lO//QhSsVg86HECfkRCwQaMEm2knl3y4ghCgr0wxO5F5b5+3rPLTtWZAa8SNydllKPRs3+8fkzTCISmnCjVdZ1E+xmRmlEOk6KXKkgIHZEQuoYKEoHys9nrE3xmlD4exNKM0Him/r3ISKTUOArMZkT0UC17U/E/r5vqwY2fMZGkGgSdBw1SjnWMpz3gPpNANR8bQqhk5ldMh0QSqk1bCymgmNCTounFXW5hlbQuq65Tde+uyrVa3lABnaBTVEEuukY1dIsaqIkoekIv6BW9Wc/Wu/Vhfc5X16z85hgtwPr6BZuumnQ=</latexit>

H(!) ' �j/(RC!)
<latexit sha1_base64="42jQoW84LKp0tZosYIyW4FRwVAg=">AAACGnicbVDLTgJBEJzFF+Jr1aOJmUhM8CDuGhM9knDhiEYeCRAyOzQwMjO7zsyaEMLNz/ALvOoXeDNevfgB/ocD7EHESjqpVHWnuyuIONPG876c1NLyyupaej2zsbm1vePu7lV1GCsKFRryUNUDooEzCRXDDId6pICIgEMtGBQnfu0BlGahvDXDCFqC9CTrMkqMldruYSnXDAX0yAluaibgHp/eneVuionYdrNe3psCLxI/IVmUoNx2v5udkMYCpKGcaN3wvci0RkQZRjmMM81YQ0TogPSgYakkAnRrNP1jjI+t0sHdUNmSBk/V3xMjIrQeisB2CmL6+q83Ef/zGrHpXrVGTEaxAUlni7oxxybEk1Bwhymghg8tIVQxeyumfaIINTa6uS2gmTTjjM3F/5vCIqme530v719fZAuFJKE0OkBHKId8dIkKqITKqIIoekTP6AW9Ok/Om/PufMxaU04ys4/m4Hz+AFvmn6s=</latexit><latexit sha1_base64="42jQoW84LKp0tZosYIyW4FRwVAg=">AAACGnicbVDLTgJBEJzFF+Jr1aOJmUhM8CDuGhM9knDhiEYeCRAyOzQwMjO7zsyaEMLNz/ALvOoXeDNevfgB/ocD7EHESjqpVHWnuyuIONPG876c1NLyyupaej2zsbm1vePu7lV1GCsKFRryUNUDooEzCRXDDId6pICIgEMtGBQnfu0BlGahvDXDCFqC9CTrMkqMldruYSnXDAX0yAluaibgHp/eneVuionYdrNe3psCLxI/IVmUoNx2v5udkMYCpKGcaN3wvci0RkQZRjmMM81YQ0TogPSgYakkAnRrNP1jjI+t0sHdUNmSBk/V3xMjIrQeisB2CmL6+q83Ef/zGrHpXrVGTEaxAUlni7oxxybEk1Bwhymghg8tIVQxeyumfaIINTa6uS2gmTTjjM3F/5vCIqme530v719fZAuFJKE0OkBHKId8dIkKqITKqIIoekTP6AW9Ok/Om/PufMxaU04ys4/m4Hz+AFvmn6s=</latexit><latexit sha1_base64="42jQoW84LKp0tZosYIyW4FRwVAg=">AAACGnicbVDLTgJBEJzFF+Jr1aOJmUhM8CDuGhM9knDhiEYeCRAyOzQwMjO7zsyaEMLNz/ALvOoXeDNevfgB/ocD7EHESjqpVHWnuyuIONPG876c1NLyyupaej2zsbm1vePu7lV1GCsKFRryUNUDooEzCRXDDId6pICIgEMtGBQnfu0BlGahvDXDCFqC9CTrMkqMldruYSnXDAX0yAluaibgHp/eneVuionYdrNe3psCLxI/IVmUoNx2v5udkMYCpKGcaN3wvci0RkQZRjmMM81YQ0TogPSgYakkAnRrNP1jjI+t0sHdUNmSBk/V3xMjIrQeisB2CmL6+q83Ef/zGrHpXrVGTEaxAUlni7oxxybEk1Bwhymghg8tIVQxeyumfaIINTa6uS2gmTTjjM3F/5vCIqme530v719fZAuFJKE0OkBHKId8dIkKqITKqIIoekTP6AW9Ok/Om/PufMxaU04ys4/m4Hz+AFvmn6s=</latexit><latexit sha1_base64="42jQoW84LKp0tZosYIyW4FRwVAg=">AAACGnicbVDLTgJBEJzFF+Jr1aOJmUhM8CDuGhM9knDhiEYeCRAyOzQwMjO7zsyaEMLNz/ALvOoXeDNevfgB/ocD7EHESjqpVHWnuyuIONPG876c1NLyyupaej2zsbm1vePu7lV1GCsKFRryUNUDooEzCRXDDId6pICIgEMtGBQnfu0BlGahvDXDCFqC9CTrMkqMldruYSnXDAX0yAluaibgHp/eneVuionYdrNe3psCLxI/IVmUoNx2v5udkMYCpKGcaN3wvci0RkQZRjmMM81YQ0TogPSgYakkAnRrNP1jjI+t0sHdUNmSBk/V3xMjIrQeisB2CmL6+q83Ef/zGrHpXrVGTEaxAUlni7oxxybEk1Bwhymghg8tIVQxeyumfaIINTa6uS2gmTTjjM3F/5vCIqme530v719fZAuFJKE0OkBHKId8dIkKqITKqIIoekTP6AW9Ok/Om/PufMxaU04ys4/m4Hz+AFvmn6s=</latexit>

H(!) ' 1
<latexit sha1_base64="ooN4+S/uQ0XaP4+C/iFw09Nh7b0=">AAACDnicbVBLSgNBFOyJvxh/MS7dNAYhbsKMCLoMuMkygvlAZgg9nTdJk+6esbtHDEPu4Anc6gnciVuv4AG8h53PwiQWPCiq3qMeFSacaeO6305uY3Nreye/W9jbPzg8Kh6XWjpOFYUmjXmsOiHRwJmEpmGGQydRQETIoR2Obqd++xGUZrG8N+MEAkEGkkWMEmOlXrFUr/ixgAG5wL5mAh6w1yuW3ao7A14n3oKU0QKNXvHH78c0FSAN5UTrrucmJsiIMoxymBT8VENC6IgMoGupJAJ0kM1+n+Bzq/RxFCs70uCZ+vciI0LrsQjtpiBmqFe9qfif101NdBNkTCapAUnnQVHKsYnxtAjcZwqo4WNLCFXM/orpkChCja1rKQU0k2ZSsL14qy2sk9Zl1XOr3t1VuVZbNJRHp+gMVZCHrlEN1VEDNRFFT+gFvaI359l5dz6cz/lqzlncnKAlOF+/F8ybUw==</latexit><latexit sha1_base64="ooN4+S/uQ0XaP4+C/iFw09Nh7b0=">AAACDnicbVBLSgNBFOyJvxh/MS7dNAYhbsKMCLoMuMkygvlAZgg9nTdJk+6esbtHDEPu4Anc6gnciVuv4AG8h53PwiQWPCiq3qMeFSacaeO6305uY3Nreye/W9jbPzg8Kh6XWjpOFYUmjXmsOiHRwJmEpmGGQydRQETIoR2Obqd++xGUZrG8N+MEAkEGkkWMEmOlXrFUr/ixgAG5wL5mAh6w1yuW3ao7A14n3oKU0QKNXvHH78c0FSAN5UTrrucmJsiIMoxymBT8VENC6IgMoGupJAJ0kM1+n+Bzq/RxFCs70uCZ+vciI0LrsQjtpiBmqFe9qfif101NdBNkTCapAUnnQVHKsYnxtAjcZwqo4WNLCFXM/orpkChCja1rKQU0k2ZSsL14qy2sk9Zl1XOr3t1VuVZbNJRHp+gMVZCHrlEN1VEDNRFFT+gFvaI359l5dz6cz/lqzlncnKAlOF+/F8ybUw==</latexit><latexit sha1_base64="ooN4+S/uQ0XaP4+C/iFw09Nh7b0=">AAACDnicbVBLSgNBFOyJvxh/MS7dNAYhbsKMCLoMuMkygvlAZgg9nTdJk+6esbtHDEPu4Anc6gnciVuv4AG8h53PwiQWPCiq3qMeFSacaeO6305uY3Nreye/W9jbPzg8Kh6XWjpOFYUmjXmsOiHRwJmEpmGGQydRQETIoR2Obqd++xGUZrG8N+MEAkEGkkWMEmOlXrFUr/ixgAG5wL5mAh6w1yuW3ao7A14n3oKU0QKNXvHH78c0FSAN5UTrrucmJsiIMoxymBT8VENC6IgMoGupJAJ0kM1+n+Bzq/RxFCs70uCZ+vciI0LrsQjtpiBmqFe9qfif101NdBNkTCapAUnnQVHKsYnxtAjcZwqo4WNLCFXM/orpkChCja1rKQU0k2ZSsL14qy2sk9Zl1XOr3t1VuVZbNJRHp+gMVZCHrlEN1VEDNRFFT+gFvaI359l5dz6cz/lqzlncnKAlOF+/F8ybUw==</latexit><latexit sha1_base64="ooN4+S/uQ0XaP4+C/iFw09Nh7b0=">AAACDnicbVBLSgNBFOyJvxh/MS7dNAYhbsKMCLoMuMkygvlAZgg9nTdJk+6esbtHDEPu4Anc6gnciVuv4AG8h53PwiQWPCiq3qMeFSacaeO6305uY3Nreye/W9jbPzg8Kh6XWjpOFYUmjXmsOiHRwJmEpmGGQydRQETIoR2Obqd++xGUZrG8N+MEAkEGkkWMEmOlXrFUr/ixgAG5wL5mAh6w1yuW3ao7A14n3oKU0QKNXvHH78c0FSAN5UTrrucmJsiIMoxymBT8VENC6IgMoGupJAJ0kM1+n+Bzq/RxFCs70uCZ+vciI0LrsQjtpiBmqFe9qfif101NdBNkTCapAUnnQVHKsYnxtAjcZwqo4WNLCFXM/orpkChCja1rKQU0k2ZSsL14qy2sk9Zl1XOr3t1VuVZbNJRHp+gMVZCHrlEN1VEDNRFFT+gFvaI359l5dz6cz/lqzlncnKAlOF+/F8ybUw==</latexit>

✓ ' �⇡/2
<latexit sha1_base64="2E+5M3OC4OGSj+tThcGIDXArQ0o=">AAACEHicbVBLSgNBFOyJvxh/42fnpjEIbowzQdBlwI3LCOYDmRB6Oi9Jk56esfuNEEMu4Qnc6gnciVtv4AG8h53PwiQWPCiq3qMeFSZSGPS8byezsrq2vpHdzG1t7+zuufsHVROnmkOFxzLW9ZAZkEJBBQVKqCcaWBRKqIX9m7FfewRtRKzucZBAM2JdJTqCM7RSyz0KsAfIaGBEBA/0PEjERbHl5r2CNwFdJv6M5MkM5Zb7E7RjnkagkEtmTMP3EmwOmUbBJYxyQWogYbzPutCwVLEITHM4+X5ET63Spp1Y21FIJ+rfiyGLjBlEod2MGPbMojcW//MaKXaum0OhkhRB8WlQJ5UUYzqugraFBo5yYAnjWthfKe8xzTjawuZSwAiFo5ztxV9sYZlUiwXfK/h3l/lSadZQlhyTE3JGfHJFSuSWlEmFcPJEXsgreXOenXfnw/mcrmac2c0hmYPz9QsW0pxt</latexit><latexit sha1_base64="2E+5M3OC4OGSj+tThcGIDXArQ0o=">AAACEHicbVBLSgNBFOyJvxh/42fnpjEIbowzQdBlwI3LCOYDmRB6Oi9Jk56esfuNEEMu4Qnc6gnciVtv4AG8h53PwiQWPCiq3qMeFSZSGPS8byezsrq2vpHdzG1t7+zuufsHVROnmkOFxzLW9ZAZkEJBBQVKqCcaWBRKqIX9m7FfewRtRKzucZBAM2JdJTqCM7RSyz0KsAfIaGBEBA/0PEjERbHl5r2CNwFdJv6M5MkM5Zb7E7RjnkagkEtmTMP3EmwOmUbBJYxyQWogYbzPutCwVLEITHM4+X5ET63Spp1Y21FIJ+rfiyGLjBlEod2MGPbMojcW//MaKXaum0OhkhRB8WlQJ5UUYzqugraFBo5yYAnjWthfKe8xzTjawuZSwAiFo5ztxV9sYZlUiwXfK/h3l/lSadZQlhyTE3JGfHJFSuSWlEmFcPJEXsgreXOenXfnw/mcrmac2c0hmYPz9QsW0pxt</latexit><latexit sha1_base64="2E+5M3OC4OGSj+tThcGIDXArQ0o=">AAACEHicbVBLSgNBFOyJvxh/42fnpjEIbowzQdBlwI3LCOYDmRB6Oi9Jk56esfuNEEMu4Qnc6gnciVtv4AG8h53PwiQWPCiq3qMeFSZSGPS8byezsrq2vpHdzG1t7+zuufsHVROnmkOFxzLW9ZAZkEJBBQVKqCcaWBRKqIX9m7FfewRtRKzucZBAM2JdJTqCM7RSyz0KsAfIaGBEBA/0PEjERbHl5r2CNwFdJv6M5MkM5Zb7E7RjnkagkEtmTMP3EmwOmUbBJYxyQWogYbzPutCwVLEITHM4+X5ET63Spp1Y21FIJ+rfiyGLjBlEod2MGPbMojcW//MaKXaum0OhkhRB8WlQJ5UUYzqugraFBo5yYAnjWthfKe8xzTjawuZSwAiFo5ztxV9sYZlUiwXfK/h3l/lSadZQlhyTE3JGfHJFSuSWlEmFcPJEXsgreXOenXfnw/mcrmac2c0hmYPz9QsW0pxt</latexit><latexit sha1_base64="2E+5M3OC4OGSj+tThcGIDXArQ0o=">AAACEHicbVBLSgNBFOyJvxh/42fnpjEIbowzQdBlwI3LCOYDmRB6Oi9Jk56esfuNEEMu4Qnc6gnciVtv4AG8h53PwiQWPCiq3qMeFSZSGPS8byezsrq2vpHdzG1t7+zuufsHVROnmkOFxzLW9ZAZkEJBBQVKqCcaWBRKqIX9m7FfewRtRKzucZBAM2JdJTqCM7RSyz0KsAfIaGBEBA/0PEjERbHl5r2CNwFdJv6M5MkM5Zb7E7RjnkagkEtmTMP3EmwOmUbBJYxyQWogYbzPutCwVLEITHM4+X5ET63Spp1Y21FIJ+rfiyGLjBlEod2MGPbMojcW//MaKXaum0OhkhRB8WlQJ5UUYzqugraFBo5yYAnjWthfKe8xzTjawuZSwAiFo5ztxV9sYZlUiwXfK/h3l/lSadZQlhyTE3JGfHJFSuSWlEmFcPJEXsgreXOenXfnw/mcrmac2c0hmYPz9QsW0pxt</latexit>

✓ ' 0
<latexit sha1_base64="HrVHY5PGsQsmUIK4SK1Uh1GOEIM=">AAACC3icbVBLSgNBFOyJvxg/ibp00xgEV2FGBF0G3LiMYD6QhNDTeUmadPeM3W+EMOQInsCtnsCduPUQHsB72ElmYRILHhRV71GPCmMpLPr+t5fb2Nza3snvFvb2Dw6LpaPjho0Sw6HOIxmZVsgsSKGhjgIltGIDTIUSmuH4duY3n8BYEekHnMTQVWyoxUBwhk7qlYodHAEy2rFCwSP1e6WyX/HnoOskyEiZZKj1Sj+dfsQTBRq5ZNa2Az/GbsoMCi5hWugkFmLGx2wIbUc1U2C76fzxKT13Sp8OIuNGI52rfy9SpqydqNBtKoYju+rNxP+8doKDm24qdJwgaL4IGiSSYkRnLdC+MMBRThxh3Aj3K+UjZhhH19VSClihcVpwvQSrLayTxmUl8CvB/VW5Ws0aypNTckYuSECuSZXckRqpE04S8kJeyZv37L17H97nYjXnZTcnZAne1y+9UJqo</latexit><latexit sha1_base64="HrVHY5PGsQsmUIK4SK1Uh1GOEIM=">AAACC3icbVBLSgNBFOyJvxg/ibp00xgEV2FGBF0G3LiMYD6QhNDTeUmadPeM3W+EMOQInsCtnsCduPUQHsB72ElmYRILHhRV71GPCmMpLPr+t5fb2Nza3snvFvb2Dw6LpaPjho0Sw6HOIxmZVsgsSKGhjgIltGIDTIUSmuH4duY3n8BYEekHnMTQVWyoxUBwhk7qlYodHAEy2rFCwSP1e6WyX/HnoOskyEiZZKj1Sj+dfsQTBRq5ZNa2Az/GbsoMCi5hWugkFmLGx2wIbUc1U2C76fzxKT13Sp8OIuNGI52rfy9SpqydqNBtKoYju+rNxP+8doKDm24qdJwgaL4IGiSSYkRnLdC+MMBRThxh3Aj3K+UjZhhH19VSClihcVpwvQSrLayTxmUl8CvB/VW5Ws0aypNTckYuSECuSZXckRqpE04S8kJeyZv37L17H97nYjXnZTcnZAne1y+9UJqo</latexit><latexit sha1_base64="HrVHY5PGsQsmUIK4SK1Uh1GOEIM=">AAACC3icbVBLSgNBFOyJvxg/ibp00xgEV2FGBF0G3LiMYD6QhNDTeUmadPeM3W+EMOQInsCtnsCduPUQHsB72ElmYRILHhRV71GPCmMpLPr+t5fb2Nza3snvFvb2Dw6LpaPjho0Sw6HOIxmZVsgsSKGhjgIltGIDTIUSmuH4duY3n8BYEekHnMTQVWyoxUBwhk7qlYodHAEy2rFCwSP1e6WyX/HnoOskyEiZZKj1Sj+dfsQTBRq5ZNa2Az/GbsoMCi5hWugkFmLGx2wIbUc1U2C76fzxKT13Sp8OIuNGI52rfy9SpqydqNBtKoYju+rNxP+8doKDm24qdJwgaL4IGiSSYkRnLdC+MMBRThxh3Aj3K+UjZhhH19VSClihcVpwvQSrLayTxmUl8CvB/VW5Ws0aypNTckYuSECuSZXckRqpE04S8kJeyZv37L17H97nYjXnZTcnZAne1y+9UJqo</latexit><latexit sha1_base64="HrVHY5PGsQsmUIK4SK1Uh1GOEIM=">AAACC3icbVBLSgNBFOyJvxg/ibp00xgEV2FGBF0G3LiMYD6QhNDTeUmadPeM3W+EMOQInsCtnsCduPUQHsB72ElmYRILHhRV71GPCmMpLPr+t5fb2Nza3snvFvb2Dw6LpaPjho0Sw6HOIxmZVsgsSKGhjgIltGIDTIUSmuH4duY3n8BYEekHnMTQVWyoxUBwhk7qlYodHAEy2rFCwSP1e6WyX/HnoOskyEiZZKj1Sj+dfsQTBRq5ZNa2Az/GbsoMCi5hWugkFmLGx2wIbUc1U2C76fzxKT13Sp8OIuNGI52rfy9SpqydqNBtKoYju+rNxP+8doKDm24qdJwgaL4IGiSSYkRnLdC+MMBRThxh3Aj3K+UjZhhH19VSClihcVpwvQSrLayTxmUl8CvB/VW5Ws0aypNTckYuSECuSZXckRqpE04S8kJeyZv37L17H97nYjXnZTcnZAne1y+9UJqo</latexit>

GdB ' 0
<latexit sha1_base64="Lqa0Apv8frGnsKuEMBUPWg4ZGN4=">AAACEnicbVBLSgNBFOzxG+NvVHDjpjEIrsKMCLoMutBlBPOBZBh6Oi9Jk+6esbtHCGNu4Qnc6gnciVsv4AG8h51kFiax4EFR9R6vqCjhTBvP+3aWlldW19YLG8XNre2dXXdvv67jVFGo0ZjHqhkRDZxJqBlmODQTBUREHBrR4HrsNx5BaRbLezNMIBCkJ1mXUWKsFLqHN2FbENNXIutcjXBbMwEP2Avdklf2JsCLxM9JCeWohu5PuxPTVIA0lBOtW76XmCAjyjDKYVRspxoSQgekBy1LJRGgg2ySf4RPrNLB3VjZkQZP1L8XGRFaD0VkN8dZ9bw3Fv/zWqnpXgYZk0lqQNLpo27KsYnxuAzcYQqo4UNLCFXMZsW0TxShxlY28wU0k2ZUtL348y0skvpZ2ffK/t15qVLJGyqgI3SMTpGPLlAF3aIqqiGKntALekVvzrPz7nw4n9PVJSe/OUAzcL5+AUNjnaU=</latexit><latexit sha1_base64="Lqa0Apv8frGnsKuEMBUPWg4ZGN4=">AAACEnicbVBLSgNBFOzxG+NvVHDjpjEIrsKMCLoMutBlBPOBZBh6Oi9Jk+6esbtHCGNu4Qnc6gnciVsv4AG8h51kFiax4EFR9R6vqCjhTBvP+3aWlldW19YLG8XNre2dXXdvv67jVFGo0ZjHqhkRDZxJqBlmODQTBUREHBrR4HrsNx5BaRbLezNMIBCkJ1mXUWKsFLqHN2FbENNXIutcjXBbMwEP2Avdklf2JsCLxM9JCeWohu5PuxPTVIA0lBOtW76XmCAjyjDKYVRspxoSQgekBy1LJRGgg2ySf4RPrNLB3VjZkQZP1L8XGRFaD0VkN8dZ9bw3Fv/zWqnpXgYZk0lqQNLpo27KsYnxuAzcYQqo4UNLCFXMZsW0TxShxlY28wU0k2ZUtL348y0skvpZ2ffK/t15qVLJGyqgI3SMTpGPLlAF3aIqqiGKntALekVvzrPz7nw4n9PVJSe/OUAzcL5+AUNjnaU=</latexit><latexit sha1_base64="Lqa0Apv8frGnsKuEMBUPWg4ZGN4=">AAACEnicbVBLSgNBFOzxG+NvVHDjpjEIrsKMCLoMutBlBPOBZBh6Oi9Jk+6esbtHCGNu4Qnc6gnciVsv4AG8h51kFiax4EFR9R6vqCjhTBvP+3aWlldW19YLG8XNre2dXXdvv67jVFGo0ZjHqhkRDZxJqBlmODQTBUREHBrR4HrsNx5BaRbLezNMIBCkJ1mXUWKsFLqHN2FbENNXIutcjXBbMwEP2Avdklf2JsCLxM9JCeWohu5PuxPTVIA0lBOtW76XmCAjyjDKYVRspxoSQgekBy1LJRGgg2ySf4RPrNLB3VjZkQZP1L8XGRFaD0VkN8dZ9bw3Fv/zWqnpXgYZk0lqQNLpo27KsYnxuAzcYQqo4UNLCFXMZsW0TxShxlY28wU0k2ZUtL348y0skvpZ2ffK/t15qVLJGyqgI3SMTpGPLlAF3aIqqiGKntALekVvzrPz7nw4n9PVJSe/OUAzcL5+AUNjnaU=</latexit><latexit sha1_base64="Lqa0Apv8frGnsKuEMBUPWg4ZGN4=">AAACEnicbVBLSgNBFOzxG+NvVHDjpjEIrsKMCLoMutBlBPOBZBh6Oi9Jk+6esbtHCGNu4Qnc6gnciVsv4AG8h51kFiax4EFR9R6vqCjhTBvP+3aWlldW19YLG8XNre2dXXdvv67jVFGo0ZjHqhkRDZxJqBlmODQTBUREHBrR4HrsNx5BaRbLezNMIBCkJ1mXUWKsFLqHN2FbENNXIutcjXBbMwEP2Avdklf2JsCLxM9JCeWohu5PuxPTVIA0lBOtW76XmCAjyjDKYVRspxoSQgekBy1LJRGgg2ySf4RPrNLB3VjZkQZP1L8XGRFaD0VkN8dZ9bw3Fv/zWqnpXgYZk0lqQNLpo27KsYnxuAzcYQqo4UNLCFXMZsW0TxShxlY28wU0k2ZUtL348y0skvpZ2ffK/t15qVLJGyqgI3SMTpGPLlAF3aIqqiGKntALekVvzrPz7nw4n9PVJSe/OUAzcL5+AUNjnaU=</latexit>

!c = 1/RC
<latexit sha1_base64="RPqL25FTEt6eSWxVxwqqz+4jB7w=">AAACB3icdVBLTgJBEO3BH+IPdemmIzFxhTM4AVyYkLBxiUY+CUxIT1NAh56esbvHhBAO4Anc6gncGbcewwN4D3sAEzH6kkpe3qtKVT0/4kxp2/6wUiura+sb6c3M1vbO7l52/6ChwlhSqNOQh7LlEwWcCahrpjm0Igkk8Dk0/VE18Zv3IBULxa0eR+AFZCBYn1GijeR1wgAGpEsvnbObajebs/MX5WLBLWI7b9slp+AkpFByz13sGCVBDi1Q62Y/O72QxgEITTlRqu3YkfYmRGpGOUwznVhBROiIDKBtqCABKG8yO3qKT4zSw/1QmhIaz9SfExMSKDUOfNMZED1Uv71E/Mtrx7pf9iZMRLEGQeeL+jHHOsRJArjHJFDNx4YQKpm5FdMhkYRqk9PSFlBM6GnG5PL9PP6fNAp5x847126uUlkklEZH6BidIgeVUAVdoRqqI4ru0CN6Qs/Wg/VivVpv89aUtZg5REuw3r8AtZCZoQ==</latexit><latexit sha1_base64="RPqL25FTEt6eSWxVxwqqz+4jB7w=">AAACB3icdVBLTgJBEO3BH+IPdemmIzFxhTM4AVyYkLBxiUY+CUxIT1NAh56esbvHhBAO4Anc6gncGbcewwN4D3sAEzH6kkpe3qtKVT0/4kxp2/6wUiura+sb6c3M1vbO7l52/6ChwlhSqNOQh7LlEwWcCahrpjm0Igkk8Dk0/VE18Zv3IBULxa0eR+AFZCBYn1GijeR1wgAGpEsvnbObajebs/MX5WLBLWI7b9slp+AkpFByz13sGCVBDi1Q62Y/O72QxgEITTlRqu3YkfYmRGpGOUwznVhBROiIDKBtqCABKG8yO3qKT4zSw/1QmhIaz9SfExMSKDUOfNMZED1Uv71E/Mtrx7pf9iZMRLEGQeeL+jHHOsRJArjHJFDNx4YQKpm5FdMhkYRqk9PSFlBM6GnG5PL9PP6fNAp5x847126uUlkklEZH6BidIgeVUAVdoRqqI4ru0CN6Qs/Wg/VivVpv89aUtZg5REuw3r8AtZCZoQ==</latexit><latexit sha1_base64="RPqL25FTEt6eSWxVxwqqz+4jB7w=">AAACB3icdVBLTgJBEO3BH+IPdemmIzFxhTM4AVyYkLBxiUY+CUxIT1NAh56esbvHhBAO4Anc6gncGbcewwN4D3sAEzH6kkpe3qtKVT0/4kxp2/6wUiura+sb6c3M1vbO7l52/6ChwlhSqNOQh7LlEwWcCahrpjm0Igkk8Dk0/VE18Zv3IBULxa0eR+AFZCBYn1GijeR1wgAGpEsvnbObajebs/MX5WLBLWI7b9slp+AkpFByz13sGCVBDi1Q62Y/O72QxgEITTlRqu3YkfYmRGpGOUwznVhBROiIDKBtqCABKG8yO3qKT4zSw/1QmhIaz9SfExMSKDUOfNMZED1Uv71E/Mtrx7pf9iZMRLEGQeeL+jHHOsRJArjHJFDNx4YQKpm5FdMhkYRqk9PSFlBM6GnG5PL9PP6fNAp5x847126uUlkklEZH6BidIgeVUAVdoRqqI4ru0CN6Qs/Wg/VivVpv89aUtZg5REuw3r8AtZCZoQ==</latexit><latexit sha1_base64="RPqL25FTEt6eSWxVxwqqz+4jB7w=">AAACB3icdVBLTgJBEO3BH+IPdemmIzFxhTM4AVyYkLBxiUY+CUxIT1NAh56esbvHhBAO4Anc6gncGbcewwN4D3sAEzH6kkpe3qtKVT0/4kxp2/6wUiura+sb6c3M1vbO7l52/6ChwlhSqNOQh7LlEwWcCahrpjm0Igkk8Dk0/VE18Zv3IBULxa0eR+AFZCBYn1GijeR1wgAGpEsvnbObajebs/MX5WLBLWI7b9slp+AkpFByz13sGCVBDi1Q62Y/O72QxgEITTlRqu3YkfYmRGpGOUwznVhBROiIDKBtqCABKG8yO3qKT4zSw/1QmhIaz9SfExMSKDUOfNMZED1Uv71E/Mtrx7pf9iZMRLEGQeeL+jHHOsRJArjHJFDNx4YQKpm5FdMhkYRqk9PSFlBM6GnG5PL9PP6fNAp5x847126uUlkklEZH6BidIgeVUAVdoRqqI4ru0CN6Qs/Wg/VivVpv89aUtZg5REuw3r8AtZCZoQ==</latexit>

cutoff frequency

GdB(!) ' 20 [ log10(1/RC)

� log10(!)]
<latexit sha1_base64="Zar/1gPbFdzsOZ6pyS79DeSxyMw="></latexit><latexit sha1_base64="Zar/1gPbFdzsOZ6pyS79DeSxyMw="></latexit><latexit sha1_base64="Zar/1gPbFdzsOZ6pyS79DeSxyMw="></latexit><latexit sha1_base64="Zar/1gPbFdzsOZ6pyS79DeSxyMw="></latexit>



4. Filters and Bode plots

H(!) =
1

1 + jRC!
<latexit sha1_base64="2inzHpoJPYw1H4ysBKFPz4ez84Y="></latexit><latexit sha1_base64="2inzHpoJPYw1H4ysBKFPz4ez84Y="></latexit><latexit sha1_base64="2inzHpoJPYw1H4ysBKFPz4ez84Y="></latexit><latexit sha1_base64="2inzHpoJPYw1H4ysBKFPz4ez84Y="></latexit>

‣ This low-pass RC filter is said to be a first order filter. The order of the filter 
refers to the order of the polynomial in the denominator of the transfer 
function.

1st order polynomial in ω  

‣ Higher-order filters: decrease faster away from cutoff frequency, therefore 
more efficient at filtering signals.

Summary

resonance

Complex notation for AC signals:

Filters:

Average electrical power in AC:

Impedance: U = ZI
<latexit sha1_base64="PEWQ2zE95CiOQhmd/S/tijuMlpY=">AAACGnicdVDLSgMxFM3UV62vqktBgkVwVZIiWhdCwY1uRMFqsS0lk962oZnMkGSEMszOz/AL3OoXuBO3bvwA/8OMVrCiBwKHc+7h5h4/ksJYQt683NT0zOxcfr6wsLi0vFJcXbs0Yaw51HkoQ93wmQEpFNStsBIakQYW+BKu/OFR5l/dgDYiVBd2FEE7YH0leoIz66ROcbMVqy7oLJ7UU3yIr38IJ2mnWCJlQgilFGeE7u8RRw4OqhVaxTSzHEpojLNO8b3VDXkcgLJcMmOalES2nTBtBZeQFlqxgYjxIetD01HFAjDt5POOFG87pYt7oXZPWfyp/kwkLDBmFPhuMmB2YH57mfiX14xtr9pOhIpiC4p/LerFEtsQZ6XgrtDArRw5wrgW7q+YD5hm3LrqJraAEcqmBdfL9/H4f3JZKVNSpue7pdrpuKE82kBbaAdRtI9q6BidoTri6Bbdowf06N15T96z9/I1mvPGmXU0Ae/1A8U5oc4=</latexit><latexit sha1_base64="PEWQ2zE95CiOQhmd/S/tijuMlpY=">AAACGnicdVDLSgMxFM3UV62vqktBgkVwVZIiWhdCwY1uRMFqsS0lk962oZnMkGSEMszOz/AL3OoXuBO3bvwA/8OMVrCiBwKHc+7h5h4/ksJYQt683NT0zOxcfr6wsLi0vFJcXbs0Yaw51HkoQ93wmQEpFNStsBIakQYW+BKu/OFR5l/dgDYiVBd2FEE7YH0leoIz66ROcbMVqy7oLJ7UU3yIr38IJ2mnWCJlQgilFGeE7u8RRw4OqhVaxTSzHEpojLNO8b3VDXkcgLJcMmOalES2nTBtBZeQFlqxgYjxIetD01HFAjDt5POOFG87pYt7oXZPWfyp/kwkLDBmFPhuMmB2YH57mfiX14xtr9pOhIpiC4p/LerFEtsQZ6XgrtDArRw5wrgW7q+YD5hm3LrqJraAEcqmBdfL9/H4f3JZKVNSpue7pdrpuKE82kBbaAdRtI9q6BidoTri6Bbdowf06N15T96z9/I1mvPGmXU0Ae/1A8U5oc4=</latexit><latexit sha1_base64="PEWQ2zE95CiOQhmd/S/tijuMlpY=">AAACGnicdVDLSgMxFM3UV62vqktBgkVwVZIiWhdCwY1uRMFqsS0lk962oZnMkGSEMszOz/AL3OoXuBO3bvwA/8OMVrCiBwKHc+7h5h4/ksJYQt683NT0zOxcfr6wsLi0vFJcXbs0Yaw51HkoQ93wmQEpFNStsBIakQYW+BKu/OFR5l/dgDYiVBd2FEE7YH0leoIz66ROcbMVqy7oLJ7UU3yIr38IJ2mnWCJlQgilFGeE7u8RRw4OqhVaxTSzHEpojLNO8b3VDXkcgLJcMmOalES2nTBtBZeQFlqxgYjxIetD01HFAjDt5POOFG87pYt7oXZPWfyp/kwkLDBmFPhuMmB2YH57mfiX14xtr9pOhIpiC4p/LerFEtsQZ6XgrtDArRw5wrgW7q+YD5hm3LrqJraAEcqmBdfL9/H4f3JZKVNSpue7pdrpuKE82kBbaAdRtI9q6BidoTri6Bbdowf06N15T96z9/I1mvPGmXU0Ae/1A8U5oc4=</latexit><latexit sha1_base64="PEWQ2zE95CiOQhmd/S/tijuMlpY=">AAACGnicdVDLSgMxFM3UV62vqktBgkVwVZIiWhdCwY1uRMFqsS0lk962oZnMkGSEMszOz/AL3OoXuBO3bvwA/8OMVrCiBwKHc+7h5h4/ksJYQt683NT0zOxcfr6wsLi0vFJcXbs0Yaw51HkoQ93wmQEpFNStsBIakQYW+BKu/OFR5l/dgDYiVBd2FEE7YH0leoIz66ROcbMVqy7oLJ7UU3yIr38IJ2mnWCJlQgilFGeE7u8RRw4OqhVaxTSzHEpojLNO8b3VDXkcgLJcMmOalES2nTBtBZeQFlqxgYjxIetD01HFAjDt5POOFG87pYt7oXZPWfyp/kwkLDBmFPhuMmB2YH57mfiX14xtr9pOhIpiC4p/LerFEtsQZ6XgrtDArRw5wrgW7q+YD5hm3LrqJraAEcqmBdfL9/H4f3JZKVNSpue7pdrpuKE82kBbaAdRtI9q6BidoTri6Bbdowf06N15T96z9/I1mvPGmXU0Ae/1A8U5oc4=</latexit>

Kirchhoff’s laws apply for complex 
voltage and current. Impedances add 
in series, admittances add in parallel: Z =

X

i

Zi

<latexit sha1_base64="eCZTCJANB8YapJcGDa7yZPvWwEo=">AAACBnicdVDLSgMxFM34rPVVdekmWARXJSli24VScOOygn3QzjBk0kwbmskMSUYopXu/wK1+gTtx62/4Af6HmbaCFT1w4XDOvdx7T5AIrg1CH87K6tr6xmZuK7+9s7u3Xzg4bOk4VZQ1aSxi1QmIZoJL1jTcCNZJFCNRIFg7GF1nfvueKc1jeWfGCfMiMpA85JQYK7ndS1enkc9h1+d+oYhKCCGMMcwIrlwgS2q1ahlXIc4siyJYoOEXPt1+TNOISUMF0bqHUWK8CVGGU8GmeTfVLCF0RAasZ6kkEdPeZHbzFJ5apQ/DWNmSBs7UnxMTEmk9jgLbGREz1L+9TPzL66UmrHoTLpPUMEnni8JUQBPDLADY54pRI8aWEKq4vRXSIVGEGhvT0hamuTTTvM3l+3n4P2mVSxiV8O15sX61SCgHjsEJOAMYVEAd3IAGaAIKEvAInsCz8+C8OK/O27x1xVnMHIElOO9fa2+Zgg==</latexit><latexit sha1_base64="eCZTCJANB8YapJcGDa7yZPvWwEo=">AAACBnicdVDLSgMxFM34rPVVdekmWARXJSli24VScOOygn3QzjBk0kwbmskMSUYopXu/wK1+gTtx62/4Af6HmbaCFT1w4XDOvdx7T5AIrg1CH87K6tr6xmZuK7+9s7u3Xzg4bOk4VZQ1aSxi1QmIZoJL1jTcCNZJFCNRIFg7GF1nfvueKc1jeWfGCfMiMpA85JQYK7ndS1enkc9h1+d+oYhKCCGMMcwIrlwgS2q1ahlXIc4siyJYoOEXPt1+TNOISUMF0bqHUWK8CVGGU8GmeTfVLCF0RAasZ6kkEdPeZHbzFJ5apQ/DWNmSBs7UnxMTEmk9jgLbGREz1L+9TPzL66UmrHoTLpPUMEnni8JUQBPDLADY54pRI8aWEKq4vRXSIVGEGhvT0hamuTTTvM3l+3n4P2mVSxiV8O15sX61SCgHjsEJOAMYVEAd3IAGaAIKEvAInsCz8+C8OK/O27x1xVnMHIElOO9fa2+Zgg==</latexit><latexit sha1_base64="eCZTCJANB8YapJcGDa7yZPvWwEo=">AAACBnicdVDLSgMxFM34rPVVdekmWARXJSli24VScOOygn3QzjBk0kwbmskMSUYopXu/wK1+gTtx62/4Af6HmbaCFT1w4XDOvdx7T5AIrg1CH87K6tr6xmZuK7+9s7u3Xzg4bOk4VZQ1aSxi1QmIZoJL1jTcCNZJFCNRIFg7GF1nfvueKc1jeWfGCfMiMpA85JQYK7ndS1enkc9h1+d+oYhKCCGMMcwIrlwgS2q1ahlXIc4siyJYoOEXPt1+TNOISUMF0bqHUWK8CVGGU8GmeTfVLCF0RAasZ6kkEdPeZHbzFJ5apQ/DWNmSBs7UnxMTEmk9jgLbGREz1L+9TPzL66UmrHoTLpPUMEnni8JUQBPDLADY54pRI8aWEKq4vRXSIVGEGhvT0hamuTTTvM3l+3n4P2mVSxiV8O15sX61SCgHjsEJOAMYVEAd3IAGaAIKEvAInsCz8+C8OK/O27x1xVnMHIElOO9fa2+Zgg==</latexit><latexit sha1_base64="eCZTCJANB8YapJcGDa7yZPvWwEo=">AAACBnicdVDLSgMxFM34rPVVdekmWARXJSli24VScOOygn3QzjBk0kwbmskMSUYopXu/wK1+gTtx62/4Af6HmbaCFT1w4XDOvdx7T5AIrg1CH87K6tr6xmZuK7+9s7u3Xzg4bOk4VZQ1aSxi1QmIZoJL1jTcCNZJFCNRIFg7GF1nfvueKc1jeWfGCfMiMpA85JQYK7ndS1enkc9h1+d+oYhKCCGMMcwIrlwgS2q1ahlXIc4siyJYoOEXPt1+TNOISUMF0bqHUWK8CVGGU8GmeTfVLCF0RAasZ6kkEdPeZHbzFJ5apQ/DWNmSBs7UnxMTEmk9jgLbGREz1L+9TPzL66UmrHoTLpPUMEnni8JUQBPDLADY54pRI8aWEKq4vRXSIVGEGhvT0hamuTTTvM3l+3n4P2mVSxiV8O15sX61SCgHjsEJOAMYVEAd3IAGaAIKEvAInsCz8+C8OK/O27x1xVnMHIElOO9fa2+Zgg==</latexit>

Y =
1

Z
=

X

i

1

Zi
=

X

i

Yi

<latexit sha1_base64="AqsUoDcYV7rjJ6I0q4BZaxPzByo="></latexit><latexit sha1_base64="AqsUoDcYV7rjJ6I0q4BZaxPzByo="></latexit><latexit sha1_base64="AqsUoDcYV7rjJ6I0q4BZaxPzByo="></latexit><latexit sha1_base64="AqsUoDcYV7rjJ6I0q4BZaxPzByo="></latexit>

U(t) = Umaxe
j(!t+�u)

<latexit sha1_base64="KnYCrqYNJdil2dGsqDGQFY3Aj60="></latexit><latexit sha1_base64="KnYCrqYNJdil2dGsqDGQFY3Aj60="></latexit><latexit sha1_base64="KnYCrqYNJdil2dGsqDGQFY3Aj60="></latexit><latexit sha1_base64="KnYCrqYNJdil2dGsqDGQFY3Aj60="></latexit>

I(t) = Imaxe
j(!t+�i)

<latexit sha1_base64="dLL+Uno/+uwpaSBlKRGpsyVLBjI="></latexit><latexit sha1_base64="dLL+Uno/+uwpaSBlKRGpsyVLBjI="></latexit><latexit sha1_base64="dLL+Uno/+uwpaSBlKRGpsyVLBjI="></latexit><latexit sha1_base64="dLL+Uno/+uwpaSBlKRGpsyVLBjI="></latexit>

Admittance: Y = 1/Z
<latexit sha1_base64="PXuBJVtGbokQwzRHVB1pLe4nL4M=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcYUuMwEJD4sYlJg6gMCGd0oGGTmfSdkwIYeEXuNUvcGfc+il+gP9hBzARoye5yck59+bee/xYcG0Q+nAyS8srq2vZ9dzG5tb2Tn53r6GjRFHm0khEquUTzQSXzDXcCNaKFSOhL1jTH16mfvOeKc0jeWNGMfNC0pc84JQYK7m35/jkrpsvoCJCCGMMU4LLZ8iSarVSwhWIU8uiAOaod/OfnV5Ek5BJQwXRuo1RbLwxUYZTwSa5TqJZTOiQ9FnbUklCpr3x9NgJPLJKDwaRsiUNnKo/J8Yk1HoU+rYzJGagf3up+JfXTkxQ8cZcxolhks4WBYmAJoLp57DHFaNGjCwhVHF7K6QDogg1Np+FLUxzaSY5m8v38/B/0igVMSri69NC7WKeUBYcgENwDDAogxq4AnXgAgo4eARP4Nl5cF6cV+dt1ppx5jP7YAHO+xeKqZY6</latexit><latexit sha1_base64="PXuBJVtGbokQwzRHVB1pLe4nL4M=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcYUuMwEJD4sYlJg6gMCGd0oGGTmfSdkwIYeEXuNUvcGfc+il+gP9hBzARoye5yck59+bee/xYcG0Q+nAyS8srq2vZ9dzG5tb2Tn53r6GjRFHm0khEquUTzQSXzDXcCNaKFSOhL1jTH16mfvOeKc0jeWNGMfNC0pc84JQYK7m35/jkrpsvoCJCCGMMU4LLZ8iSarVSwhWIU8uiAOaod/OfnV5Ek5BJQwXRuo1RbLwxUYZTwSa5TqJZTOiQ9FnbUklCpr3x9NgJPLJKDwaRsiUNnKo/J8Yk1HoU+rYzJGagf3up+JfXTkxQ8cZcxolhks4WBYmAJoLp57DHFaNGjCwhVHF7K6QDogg1Np+FLUxzaSY5m8v38/B/0igVMSri69NC7WKeUBYcgENwDDAogxq4AnXgAgo4eARP4Nl5cF6cV+dt1ppx5jP7YAHO+xeKqZY6</latexit><latexit sha1_base64="PXuBJVtGbokQwzRHVB1pLe4nL4M=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcYUuMwEJD4sYlJg6gMCGd0oGGTmfSdkwIYeEXuNUvcGfc+il+gP9hBzARoye5yck59+bee/xYcG0Q+nAyS8srq2vZ9dzG5tb2Tn53r6GjRFHm0khEquUTzQSXzDXcCNaKFSOhL1jTH16mfvOeKc0jeWNGMfNC0pc84JQYK7m35/jkrpsvoCJCCGMMU4LLZ8iSarVSwhWIU8uiAOaod/OfnV5Ek5BJQwXRuo1RbLwxUYZTwSa5TqJZTOiQ9FnbUklCpr3x9NgJPLJKDwaRsiUNnKo/J8Yk1HoU+rYzJGagf3up+JfXTkxQ8cZcxolhks4WBYmAJoLp57DHFaNGjCwhVHF7K6QDogg1Np+FLUxzaSY5m8v38/B/0igVMSri69NC7WKeUBYcgENwDDAogxq4AnXgAgo4eARP4Nl5cF6cV+dt1ppx5jP7YAHO+xeKqZY6</latexit><latexit sha1_base64="PXuBJVtGbokQwzRHVB1pLe4nL4M=">AAAB/3icdVDLTgIxFO3gC/GFunTTSExcYUuMwEJD4sYlJg6gMCGd0oGGTmfSdkwIYeEXuNUvcGfc+il+gP9hBzARoye5yck59+bee/xYcG0Q+nAyS8srq2vZ9dzG5tb2Tn53r6GjRFHm0khEquUTzQSXzDXcCNaKFSOhL1jTH16mfvOeKc0jeWNGMfNC0pc84JQYK7m35/jkrpsvoCJCCGMMU4LLZ8iSarVSwhWIU8uiAOaod/OfnV5Ek5BJQwXRuo1RbLwxUYZTwSa5TqJZTOiQ9FnbUklCpr3x9NgJPLJKDwaRsiUNnKo/J8Yk1HoU+rYzJGagf3up+JfXTkxQ8cZcxolhks4WBYmAJoLp57DHFaNGjCwhVHF7K6QDogg1Np+FLUxzaSY5m8v38/B/0igVMSri69NC7WKeUBYcgENwDDAogxq4AnXgAgo4eARP4Nl5cF6cV+dt1ppx5jP7YAHO+xeKqZY6</latexit>

P = Ue↵Ie↵ cos(�u � �i)
<latexit sha1_base64="TaddRB0qgD2BTdIf6LF7zxm1LI0="></latexit><latexit sha1_base64="TaddRB0qgD2BTdIf6LF7zxm1LI0="></latexit><latexit sha1_base64="TaddRB0qgD2BTdIf6LF7zxm1LI0="></latexit><latexit sha1_base64="TaddRB0qgD2BTdIf6LF7zxm1LI0="></latexit>

Forced RLC circuit: resonance when it is excited at the natural oscillation frequency of the circuit. 

in series in parallel

Ue↵ = Umax/
p
2

<latexit sha1_base64="/xU7QqjDKPk4i7TAN7ASqEN4AJw="></latexit><latexit sha1_base64="/xU7QqjDKPk4i7TAN7ASqEN4AJw="></latexit><latexit sha1_base64="/xU7QqjDKPk4i7TAN7ASqEN4AJw="></latexit><latexit sha1_base64="/xU7QqjDKPk4i7TAN7ASqEN4AJw="></latexit>

Ie↵ = Imax/
p
2

<latexit sha1_base64="br4jl0jevOcyZovS0IDPLXCHMsQ="></latexit><latexit sha1_base64="br4jl0jevOcyZovS0IDPLXCHMsQ="></latexit><latexit sha1_base64="br4jl0jevOcyZovS0IDPLXCHMsQ="></latexit><latexit sha1_base64="br4jl0jevOcyZovS0IDPLXCHMsQ="></latexit>

with

H(!) =
Uout

U in

= G(!)ej✓(!)

<latexit sha1_base64="3fvaAvezoi9NzoYB6T1jMc5KRoY="></latexit><latexit sha1_base64="3fvaAvezoi9NzoYB6T1jMc5KRoY="></latexit><latexit sha1_base64="3fvaAvezoi9NzoYB6T1jMc5KRoY="></latexit><latexit sha1_base64="3fvaAvezoi9NzoYB6T1jMc5KRoY="></latexit>

gain phase shift

Bode plots 
for filters:

Z = R
<latexit sha1_base64="aERKQp5GDq5rIQzX8U4ZMSRuSSU=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6UghuX9dEHtkPJpJk2NJMZkoxQhuIXuNUvcCdu/RY/wP8w01awogcuHM65l3vv8SLBtUHow8ksLa+srmXXcxubW9s7+d29pg5jRVmDhiJUbY9oJrhkDcONYO1IMRJ4grW80UXqt+6Z0jyUt2YcMTcgA8l9Tomx0s3d2XUvX0BFhBDGGKYEl0+RJdVqpYQrEKeWRQHMUe/lP7v9kMYBk4YKonUHo8i4CVGGU8EmuW6sWUToiAxYx1JJAqbdZHrqBB5ZpQ/9UNmSBk7VnxMJCbQeB57tDIgZ6t9eKv7ldWLjV9yEyyg2TNLZIj8W0IQw/Rv2uWLUiLElhCpub4V0SBShxqazsIVpLs0kZ3P5fh7+T5qlIkZFfHVSqJ3PE8qCA3AIjgEGZVADl6AOGoCCAXgET+DZeXBenFfnbdaaceYz+2ABzvsXmyaVvw==</latexit><latexit sha1_base64="aERKQp5GDq5rIQzX8U4ZMSRuSSU=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6UghuX9dEHtkPJpJk2NJMZkoxQhuIXuNUvcCdu/RY/wP8w01awogcuHM65l3vv8SLBtUHow8ksLa+srmXXcxubW9s7+d29pg5jRVmDhiJUbY9oJrhkDcONYO1IMRJ4grW80UXqt+6Z0jyUt2YcMTcgA8l9Tomx0s3d2XUvX0BFhBDGGKYEl0+RJdVqpYQrEKeWRQHMUe/lP7v9kMYBk4YKonUHo8i4CVGGU8EmuW6sWUToiAxYx1JJAqbdZHrqBB5ZpQ/9UNmSBk7VnxMJCbQeB57tDIgZ6t9eKv7ldWLjV9yEyyg2TNLZIj8W0IQw/Rv2uWLUiLElhCpub4V0SBShxqazsIVpLs0kZ3P5fh7+T5qlIkZFfHVSqJ3PE8qCA3AIjgEGZVADl6AOGoCCAXgET+DZeXBenFfnbdaaceYz+2ABzvsXmyaVvw==</latexit><latexit sha1_base64="aERKQp5GDq5rIQzX8U4ZMSRuSSU=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6UghuX9dEHtkPJpJk2NJMZkoxQhuIXuNUvcCdu/RY/wP8w01awogcuHM65l3vv8SLBtUHow8ksLa+srmXXcxubW9s7+d29pg5jRVmDhiJUbY9oJrhkDcONYO1IMRJ4grW80UXqt+6Z0jyUt2YcMTcgA8l9Tomx0s3d2XUvX0BFhBDGGKYEl0+RJdVqpYQrEKeWRQHMUe/lP7v9kMYBk4YKonUHo8i4CVGGU8EmuW6sWUToiAxYx1JJAqbdZHrqBB5ZpQ/9UNmSBk7VnxMJCbQeB57tDIgZ6t9eKv7ldWLjV9yEyyg2TNLZIj8W0IQw/Rv2uWLUiLElhCpub4V0SBShxqazsIVpLs0kZ3P5fh7+T5qlIkZFfHVSqJ3PE8qCA3AIjgEGZVADl6AOGoCCAXgET+DZeXBenFfnbdaaceYz+2ABzvsXmyaVvw==</latexit><latexit sha1_base64="aERKQp5GDq5rIQzX8U4ZMSRuSSU=">AAAB/XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6UghuX9dEHtkPJpJk2NJMZkoxQhuIXuNUvcCdu/RY/wP8w01awogcuHM65l3vv8SLBtUHow8ksLa+srmXXcxubW9s7+d29pg5jRVmDhiJUbY9oJrhkDcONYO1IMRJ4grW80UXqt+6Z0jyUt2YcMTcgA8l9Tomx0s3d2XUvX0BFhBDGGKYEl0+RJdVqpYQrEKeWRQHMUe/lP7v9kMYBk4YKonUHo8i4CVGGU8EmuW6sWUToiAxYx1JJAqbdZHrqBB5ZpQ/9UNmSBk7VnxMJCbQeB57tDIgZ6t9eKv7ldWLjV9yEyyg2TNLZIj8W0IQw/Rv2uWLUiLElhCpub4V0SBShxqazsIVpLs0kZ3P5fh7+T5qlIkZFfHVSqJ3PE8qCA3AIjgEGZVADl6AOGoCCAXgET+DZeXBenFfnbdaaceYz+2ABzvsXmyaVvw==</latexit>

Z = 1/(jC!)
<latexit sha1_base64="bCXd32sc6c42rjXrRzk4WrR89hI=">AAACCHicdVDNSkJBFJ7br9mf1bLNkAS1sRmJ1EUhuGlpkCapxdzxaJNz515m5gYivkBP0LaeoF207S16gN6juWpQUR8c+Pi+czjnfH4khbGEvHszs3PzC4uppfTyyuraemZjs27CWHOo8VCGuuEzA1IoqFlhJTQiDSzwJVz4/UriX9yBNiJU53YQQTtgPSW6gjPrpKvLY3qwd1tphQH02P51JktyhBBKKU4ILRwRR0qlYp4WMU0shyyaonqd+Wh1Qh4HoCyXzJgmJZFtD5m2gksYpVuxgYjxPutB01HFAjDt4fjqEd51Sgd3Q+1KWTxWv08MWWDMIPBdZ8DsjfntJeJfXjO23WJ7KFQUW1B8sqgbS2xDnESAO0IDt3LgCONauFsxv2GaceuC+rEFjFB2lHa5fD2P/yf1fI6SHD07zJZPpgml0DbaQXuIogIqo1NURTXEkUYP6BE9effes/fivU5aZ7zpzBb6Ae/tE8TNmZ4=</latexit><latexit sha1_base64="bCXd32sc6c42rjXrRzk4WrR89hI=">AAACCHicdVDNSkJBFJ7br9mf1bLNkAS1sRmJ1EUhuGlpkCapxdzxaJNz515m5gYivkBP0LaeoF207S16gN6juWpQUR8c+Pi+czjnfH4khbGEvHszs3PzC4uppfTyyuraemZjs27CWHOo8VCGuuEzA1IoqFlhJTQiDSzwJVz4/UriX9yBNiJU53YQQTtgPSW6gjPrpKvLY3qwd1tphQH02P51JktyhBBKKU4ILRwRR0qlYp4WMU0shyyaonqd+Wh1Qh4HoCyXzJgmJZFtD5m2gksYpVuxgYjxPutB01HFAjDt4fjqEd51Sgd3Q+1KWTxWv08MWWDMIPBdZ8DsjfntJeJfXjO23WJ7KFQUW1B8sqgbS2xDnESAO0IDt3LgCONauFsxv2GaceuC+rEFjFB2lHa5fD2P/yf1fI6SHD07zJZPpgml0DbaQXuIogIqo1NURTXEkUYP6BE9effes/fivU5aZ7zpzBb6Ae/tE8TNmZ4=</latexit><latexit sha1_base64="bCXd32sc6c42rjXrRzk4WrR89hI=">AAACCHicdVDNSkJBFJ7br9mf1bLNkAS1sRmJ1EUhuGlpkCapxdzxaJNz515m5gYivkBP0LaeoF207S16gN6juWpQUR8c+Pi+czjnfH4khbGEvHszs3PzC4uppfTyyuraemZjs27CWHOo8VCGuuEzA1IoqFlhJTQiDSzwJVz4/UriX9yBNiJU53YQQTtgPSW6gjPrpKvLY3qwd1tphQH02P51JktyhBBKKU4ILRwRR0qlYp4WMU0shyyaonqd+Wh1Qh4HoCyXzJgmJZFtD5m2gksYpVuxgYjxPutB01HFAjDt4fjqEd51Sgd3Q+1KWTxWv08MWWDMIPBdZ8DsjfntJeJfXjO23WJ7KFQUW1B8sqgbS2xDnESAO0IDt3LgCONauFsxv2GaceuC+rEFjFB2lHa5fD2P/yf1fI6SHD07zJZPpgml0DbaQXuIogIqo1NURTXEkUYP6BE9effes/fivU5aZ7zpzBb6Ae/tE8TNmZ4=</latexit><latexit sha1_base64="bCXd32sc6c42rjXrRzk4WrR89hI=">AAACCHicdVDNSkJBFJ7br9mf1bLNkAS1sRmJ1EUhuGlpkCapxdzxaJNz515m5gYivkBP0LaeoF207S16gN6juWpQUR8c+Pi+czjnfH4khbGEvHszs3PzC4uppfTyyuraemZjs27CWHOo8VCGuuEzA1IoqFlhJTQiDSzwJVz4/UriX9yBNiJU53YQQTtgPSW6gjPrpKvLY3qwd1tphQH02P51JktyhBBKKU4ILRwRR0qlYp4WMU0shyyaonqd+Wh1Qh4HoCyXzJgmJZFtD5m2gksYpVuxgYjxPutB01HFAjDt4fjqEd51Sgd3Q+1KWTxWv08MWWDMIPBdZ8DsjfntJeJfXjO23WJ7KFQUW1B8sqgbS2xDnESAO0IDt3LgCONauFsxv2GaceuC+rEFjFB2lHa5fD2P/yf1fI6SHD07zJZPpgml0DbaQXuIogIqo1NURTXEkUYP6BE9effes/fivU5aZ7zpzBb6Ae/tE8TNmZ4=</latexit>

Z = jL!
<latexit sha1_base64="PI6p/ZGR/oVWBsOh1SeCpj06Ldg=">AAACBHicdVDLSgMxFM34rPVVdekmWARXJRGxdaEIbly4qGBbsR1KJr1TYzOZIckIZejWL3CrX+BO3PoffoD/YUYrWNEDFw7n3Mu99wSJFMYS8uZNTc/Mzs0XFoqLS8srq6W19aaJU82hwWMZ68uAGZBCQcMKK+Ey0cCiQEIrGJzkfusWtBGxurDDBPyI9ZUIBWfWSVdXhzdnnTiCPuuWyqRCCKGU4pzQ6j5x5OCgtktrmOaWQxmNUe+W3ju9mKcRKMslM6ZNSWL9jGkruIRRsZMaSBgfsD60HVUsAuNnnxeP8LZTejiMtStl8af6cyJjkTHDKHCdEbPX5reXi3957dSGNT8TKkktKP61KEwltjHO38c9oYFbOXSEcS3crZhfM824dSFNbAEjlB0VXS7fz+P/SXO3QkmFnu+Vj4/GCRXQJtpCO4iiKjpGp6iOGogjhe7RA3r07rwn79l7+Wqd8sYzG2gC3usHGuWYzg==</latexit><latexit sha1_base64="PI6p/ZGR/oVWBsOh1SeCpj06Ldg=">AAACBHicdVDLSgMxFM34rPVVdekmWARXJRGxdaEIbly4qGBbsR1KJr1TYzOZIckIZejWL3CrX+BO3PoffoD/YUYrWNEDFw7n3Mu99wSJFMYS8uZNTc/Mzs0XFoqLS8srq6W19aaJU82hwWMZ68uAGZBCQcMKK+Ey0cCiQEIrGJzkfusWtBGxurDDBPyI9ZUIBWfWSVdXhzdnnTiCPuuWyqRCCKGU4pzQ6j5x5OCgtktrmOaWQxmNUe+W3ju9mKcRKMslM6ZNSWL9jGkruIRRsZMaSBgfsD60HVUsAuNnnxeP8LZTejiMtStl8af6cyJjkTHDKHCdEbPX5reXi3957dSGNT8TKkktKP61KEwltjHO38c9oYFbOXSEcS3crZhfM824dSFNbAEjlB0VXS7fz+P/SXO3QkmFnu+Vj4/GCRXQJtpCO4iiKjpGp6iOGogjhe7RA3r07rwn79l7+Wqd8sYzG2gC3usHGuWYzg==</latexit><latexit sha1_base64="PI6p/ZGR/oVWBsOh1SeCpj06Ldg=">AAACBHicdVDLSgMxFM34rPVVdekmWARXJRGxdaEIbly4qGBbsR1KJr1TYzOZIckIZejWL3CrX+BO3PoffoD/YUYrWNEDFw7n3Mu99wSJFMYS8uZNTc/Mzs0XFoqLS8srq6W19aaJU82hwWMZ68uAGZBCQcMKK+Ey0cCiQEIrGJzkfusWtBGxurDDBPyI9ZUIBWfWSVdXhzdnnTiCPuuWyqRCCKGU4pzQ6j5x5OCgtktrmOaWQxmNUe+W3ju9mKcRKMslM6ZNSWL9jGkruIRRsZMaSBgfsD60HVUsAuNnnxeP8LZTejiMtStl8af6cyJjkTHDKHCdEbPX5reXi3957dSGNT8TKkktKP61KEwltjHO38c9oYFbOXSEcS3crZhfM824dSFNbAEjlB0VXS7fz+P/SXO3QkmFnu+Vj4/GCRXQJtpCO4iiKjpGp6iOGogjhe7RA3r07rwn79l7+Wqd8sYzG2gC3usHGuWYzg==</latexit><latexit sha1_base64="PI6p/ZGR/oVWBsOh1SeCpj06Ldg=">AAACBHicdVDLSgMxFM34rPVVdekmWARXJRGxdaEIbly4qGBbsR1KJr1TYzOZIckIZejWL3CrX+BO3PoffoD/YUYrWNEDFw7n3Mu99wSJFMYS8uZNTc/Mzs0XFoqLS8srq6W19aaJU82hwWMZ68uAGZBCQcMKK+Ey0cCiQEIrGJzkfusWtBGxurDDBPyI9ZUIBWfWSVdXhzdnnTiCPuuWyqRCCKGU4pzQ6j5x5OCgtktrmOaWQxmNUe+W3ju9mKcRKMslM6ZNSWL9jGkruIRRsZMaSBgfsD60HVUsAuNnnxeP8LZTejiMtStl8af6cyJjkTHDKHCdEbPX5reXi3957dSGNT8TKkktKP61KEwltjHO38c9oYFbOXSEcS3crZhfM824dSFNbAEjlB0VXS7fz+P/SXO3QkmFnu+Vj4/GCRXQJtpCO4iiKjpGp6iOGogjhe7RA3r07rwn79l7+Wqd8sYzG2gC3usHGuWYzg==</latexit>

GdB = 20 log10 G
<latexit sha1_base64="/F98QhNvZQeQaa9gPrI5MZ4rRtM=">AAACGHicbVDLSsNAFJ3UV62vqEtdBIvgqiSloAhC0UVdVrCt0IQwmUzboTOTMDMRSsjGz/AL3OoXuBO37vwA/8NJm4VtPXDhcM693HtPEFMilW1/G6WV1bX1jfJmZWt7Z3fP3D/oyigRCHdQRCPxEECJKeG4o4ii+CEWGLKA4l4wvsn93iMWkkT8Xk1i7DE45GRAEFRa8s3jlu8yqEaCpeF1dlW33UuXRkM/deys5ZtVu2ZPYS0TpyBVUKDtmz9uGKGEYa4QhVL2HTtWXgqFIojirOImEscQjeEQ9zXlkGHppdMvMutUK6E1iIQurqyp+ncihUzKCQt0Z36xXPRy8T+vn6jBhZcSHicKczRbNEiopSIrj8QKicBI0YkmEAmib7XQCAqIlA5ubguWhKusonNxFlNYJt16zbFrzl2j2mwUCZXBETgBZ8AB56AJbkEbdAACT+AFvII349l4Nz6Mz1lryShmDsEcjK9fWE6fvA==</latexit><latexit sha1_base64="/F98QhNvZQeQaa9gPrI5MZ4rRtM=">AAACGHicbVDLSsNAFJ3UV62vqEtdBIvgqiSloAhC0UVdVrCt0IQwmUzboTOTMDMRSsjGz/AL3OoXuBO37vwA/8NJm4VtPXDhcM693HtPEFMilW1/G6WV1bX1jfJmZWt7Z3fP3D/oyigRCHdQRCPxEECJKeG4o4ii+CEWGLKA4l4wvsn93iMWkkT8Xk1i7DE45GRAEFRa8s3jlu8yqEaCpeF1dlW33UuXRkM/deys5ZtVu2ZPYS0TpyBVUKDtmz9uGKGEYa4QhVL2HTtWXgqFIojirOImEscQjeEQ9zXlkGHppdMvMutUK6E1iIQurqyp+ncihUzKCQt0Z36xXPRy8T+vn6jBhZcSHicKczRbNEiopSIrj8QKicBI0YkmEAmib7XQCAqIlA5ubguWhKusonNxFlNYJt16zbFrzl2j2mwUCZXBETgBZ8AB56AJbkEbdAACT+AFvII349l4Nz6Mz1lryShmDsEcjK9fWE6fvA==</latexit><latexit sha1_base64="/F98QhNvZQeQaa9gPrI5MZ4rRtM=">AAACGHicbVDLSsNAFJ3UV62vqEtdBIvgqiSloAhC0UVdVrCt0IQwmUzboTOTMDMRSsjGz/AL3OoXuBO37vwA/8NJm4VtPXDhcM693HtPEFMilW1/G6WV1bX1jfJmZWt7Z3fP3D/oyigRCHdQRCPxEECJKeG4o4ii+CEWGLKA4l4wvsn93iMWkkT8Xk1i7DE45GRAEFRa8s3jlu8yqEaCpeF1dlW33UuXRkM/deys5ZtVu2ZPYS0TpyBVUKDtmz9uGKGEYa4QhVL2HTtWXgqFIojirOImEscQjeEQ9zXlkGHppdMvMutUK6E1iIQurqyp+ncihUzKCQt0Z36xXPRy8T+vn6jBhZcSHicKczRbNEiopSIrj8QKicBI0YkmEAmib7XQCAqIlA5ubguWhKusonNxFlNYJt16zbFrzl2j2mwUCZXBETgBZ8AB56AJbkEbdAACT+AFvII349l4Nz6Mz1lryShmDsEcjK9fWE6fvA==</latexit><latexit sha1_base64="/F98QhNvZQeQaa9gPrI5MZ4rRtM=">AAACGHicbVDLSsNAFJ3UV62vqEtdBIvgqiSloAhC0UVdVrCt0IQwmUzboTOTMDMRSsjGz/AL3OoXuBO37vwA/8NJm4VtPXDhcM693HtPEFMilW1/G6WV1bX1jfJmZWt7Z3fP3D/oyigRCHdQRCPxEECJKeG4o4ii+CEWGLKA4l4wvsn93iMWkkT8Xk1i7DE45GRAEFRa8s3jlu8yqEaCpeF1dlW33UuXRkM/deys5ZtVu2ZPYS0TpyBVUKDtmz9uGKGEYa4QhVL2HTtWXgqFIojirOImEscQjeEQ9zXlkGHppdMvMutUK6E1iIQurqyp+ncihUzKCQt0Z36xXPRy8T+vn6jBhZcSHicKczRbNEiopSIrj8QKicBI0YkmEAmib7XQCAqIlA5ubguWhKusonNxFlNYJt16zbFrzl2j2mwUCZXBETgBZ8AB56AJbkEbdAACT+AFvII349l4Nz6Mz1lryShmDsEcjK9fWE6fvA==</latexit>transfer 

function



Geometrical 
optics

Reminder

‣ Next week (June 21): only revision in tutorial sessions, bring previous tutorial sheets

‣ What to expect for final exam on June 28? Electromagnetic induction, EM 
waves, geometrical optics and circuit electricity.

‣ End of the lectures, no lecture next week on June 21

Electrostatics Magnetostatics Electromagnetic 
induction

Theory of electromagnetism 
Maxwell's equations

Circuit electricity

9=;
Electromagnetic 
waves and light

topics for final exam


