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Elements of a carbon neutral electricity grid



PV Generation - How do we grid-integrate PV?

Installed PV Generation kW/person
2010 Now Population

Australia ~1GW ~15GW 25 million 0.60
Germany ~18GW ~55GW 84 million 0.65
USA ~1GW ~108GW 333 million 0.32
China ~0.8GW ~268GW 1,447 million 0.18

3.8 m2



Demand profile

https://www.ausgrid.com.au/~/media/Files/About%20Us/Newsroom/Discussions/Solar%20Effect%20on%20the%20Grid.pdf

Load Load + PV



Problem: Customer vs. Utility

Customers: maximize PV output to

Utility: minimize peak 
demand to reduce

Utility: increase demand during ‘no-load’ 
periods to reduce

1. $ network  augmentation
2. risk of network instability

1. $ increase profit 
2. decrease carbon footprint

1. PV voltage rise
2. $ standby generation
3. end of Tx line over-voltages
4. $ simplify protection design



https://www.energymadeeasy.gov.au/

An Australian PV customer 

What about excess generation?

Residential Load ⇡ 20 kWh/day
<latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit>

1.5 kW PV unit produces

1.5 kW PV unit exports 

⇡ 5 kWh/day
<latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit>

⇡ 2 kWh/day
<latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit>

⇡ $2/day
<latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit>

⇡ $5/day
<latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit>



excess

What about the excess generation?

What happens if we store it in a battery?
Is this cost effective?
What is the optimal use of this battery?



1. A single residential system

2. Coordinated residential systems

3. New Control Paradigms

4. "Distributed energy storage system scheduling considering 
tariff structure, energy arbitrage and solar PV penetration,” 
Applied Energy, 2017

1. “An optimization-based approach to scheduling residential battery storage with solar 
PV: Assessing customer benefit,” Renewable Energy, 2015
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      ≈ $5/day

    
         ≈ $3/day ($2)

+

   Residential Load 
     ≈ 20kWh/day

1.5kW PV unit produces 
       ≈ 5kWh/day

+

10kWh battery

An Australian PV + Battery Customer

?



g(k)

represents the average PV generation (kW) over the period ((k � 1)�, k�)

l(k)

represent the average power delivered to the residential load (in kW)

Notation: A single residential system

x1(k) (or �k)represent the average power (kW) delivered from (or to) the battery

x2(k) (or ⇡k)denotes the measured power flow (in kW) over the kth interval of length �

⌘bk(M) electricity billing (in $/kWH) at meter M
⌘ck(M) electricity compensation (in $/kWH) at meter M⌘c(k)
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�(k) (or �k)is the state of charge of the battery (in kWh) at time k�

⌘b(k)
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Rearranging �(k) = �(0)�
Pk

j=1 x1(j)� yields
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for all k 2 {1, . . . , s}
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0  �(k)  C 8 k 2 {0, . . . , s}
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EL Ratnam, SR Weller, CM Kellett, “An optimization-based approach to scheduling residential battery storage with 
solar PV: Assessing customer benefit,” Renewable Energy, 2015



electricity billing profile over [0, T ]
electricity compensation profile over [0, T ]

⌘b := [⌘b(1), . . . , ⌘b(s)]T 2 Rs
�0
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⌘c := [⌘c(1), . . . , ⌘c(s)]T 2 Rs
�0
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l := [l(1), . . . , l(s)]T 2 Rs
�0 load profile over [0, T ]

g := [g(1), . . . , g(s)]T 2 Rs
�0 generation profile over [0, T ]

x1 := [x1(1), . . . , x1(s)]T 2 Rs battery profile over [0, T ]

x2 := [x2(1), . . . , x2(s)]T 2 Rs grid profile over [0, T ]

Notation: Day-ahead profiles and energy savings

Rs denote s-dimensional vectors of real numbers

s is the number of time intervals of length �
T = s� (in hours) is the time window of interest

� := [�(0), . . . ,�(s)]T 2 Rs+1state of charge profile

energy savings (in $/day)
 := e⌃� ⌃e⌃ (or ⌃0) energy bill without a battery over the time window [0, T ]

⌃ (or ⌃C) energy bill with a battery over time window [0, T ]

e⌃
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<latexit sha1_base64="rns6Q2HappSAWpXNrmI9m+YcDLY=">AAACGHicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZcFNy4r2ge0Q8mkmTY2yQxJRihD/8Gt/Rp34tadHyOYTmdhHwcCh3Pu5Z6cIOZMG9f9cQpb2zu7e8X90sHh0fFJ+fSspaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp/77VeqNIvks5nE1Bd4KFnICDZWavWe2FDgfrniVt0MaJ14OalAjka//NsbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp1naKbqyygCFkbJPGpSp/zdSLLSeiMBOCmxGetWbi5u8bmLCOz9lMk4MlWRxKEw4MhGafx0NmKLE8IklmChmsyIywgoTYwvamGBJDAIxLWWwfXmr7ayTVq3quVXv8aZSr+XNFeECLuEaPLiFOjxAA5pA4AXe4B1mzsz5cD6dr8Vowcl3zmEJzvcf5uefQg==</latexit><latexit sha1_base64="rns6Q2HappSAWpXNrmI9m+YcDLY=">AAACGHicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZcFNy4r2ge0Q8mkmTY2yQxJRihD/8Gt/Rp34tadHyOYTmdhHwcCh3Pu5Z6cIOZMG9f9cQpb2zu7e8X90sHh0fFJ+fSspaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp/77VeqNIvks5nE1Bd4KFnICDZWavWe2FDgfrniVt0MaJ14OalAjka//NsbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp1naKbqyygCFkbJPGpSp/zdSLLSeiMBOCmxGetWbi5u8bmLCOz9lMk4MlWRxKEw4MhGafx0NmKLE8IklmChmsyIywgoTYwvamGBJDAIxLWWwfXmr7ayTVq3quVXv8aZSr+XNFeECLuEaPLiFOjxAA5pA4AXe4B1mzsz5cD6dr8Vowcl3zmEJzvcf5uefQg==</latexit><latexit sha1_base64="rns6Q2HappSAWpXNrmI9m+YcDLY=">AAACGHicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZcFNy4r2ge0Q8mkmTY2yQxJRihD/8Gt/Rp34tadHyOYTmdhHwcCh3Pu5Z6cIOZMG9f9cQpb2zu7e8X90sHh0fFJ+fSspaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp/77VeqNIvks5nE1Bd4KFnICDZWavWe2FDgfrniVt0MaJ14OalAjka//NsbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp1naKbqyygCFkbJPGpSp/zdSLLSeiMBOCmxGetWbi5u8bmLCOz9lMk4MlWRxKEw4MhGafx0NmKLE8IklmChmsyIywgoTYwvamGBJDAIxLWWwfXmr7ayTVq3quVXv8aZSr+XNFeECLuEaPLiFOjxAA5pA4AXe4B1mzsz5cD6dr8Vowcl3zmEJzvcf5uefQg==</latexit><latexit sha1_base64="rns6Q2HappSAWpXNrmI9m+YcDLY=">AAACGHicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZcFNy4r2ge0Q8mkmTY2yQxJRihD/8Gt/Rp34tadHyOYTmdhHwcCh3Pu5Z6cIOZMG9f9cQpb2zu7e8X90sHh0fFJ+fSspaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp/77VeqNIvks5nE1Bd4KFnICDZWavWe2FDgfrniVt0MaJ14OalAjka//NsbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp1naKbqyygCFkbJPGpSp/zdSLLSeiMBOCmxGetWbi5u8bmLCOz9lMk4MlWRxKEw4MhGafx0NmKLE8IklmChmsyIywgoTYwvamGBJDAIxLWWwfXmr7ayTVq3quVXv8aZSr+XNFeECLuEaPLiFOjxAA5pA4AXe4B1mzsz5cD6dr8Vowcl3zmEJzvcf5uefQg==</latexit>



Approach:
1. Consider the benefits of residential battery storage

2. In the context of financial policies (e.g., net metering and feed-in tariffs) 

3. When customers are billed according to the time that they use electricity. 

excess

Off Peak Shoulder Peak
1 day



Customer: Is this cost effective?  = $0
<latexit sha1_base64="DXskJZLUq8dlvlP2wfpW+BN1GO4=">AAACHHicdVDLSgMxFM3UV62vqks3wSq4Kpla2goKBTcuK9gHdoaSSdM2NMkMSUYopX/h1n6NO3Er+DGCmbaClXogcDjnXu7JCSLOtEHo00mtrW9sbqW3Mzu7e/sH2cOjhg5jRWidhDxUrQBrypmkdcMMp61IUSwCTpvB8Dbxm09UaRbKBzOKqC9wX7IeI9hY6dGraQZvoHeGOtkcyl9VSoViCaI8QmW34CakUC5eFqFrlQQ5sECtk/3yuiGJBZWGcKx120WR8cdYGUY4nWS8WNMIkyHu07alEguq/fEs8QSeW6ULe6GyTxo4U39vjLHQeiQCOymwGei/XiKu8tqx6VX8MZNRbKgk80O9mEMTwuT7sMsUJYaPLMFEMZsVkgFWmBhb0soES2IQiElmBtvXTynwf9Io5F2Ud++Luer1ork0OAGn4AK4oAyq4A7UQB0QIMEzeAFTZ+q8Om/O+3w05Sx2jsESnI9voU2gHg==</latexit><latexit sha1_base64="DXskJZLUq8dlvlP2wfpW+BN1GO4=">AAACHHicdVDLSgMxFM3UV62vqks3wSq4Kpla2goKBTcuK9gHdoaSSdM2NMkMSUYopX/h1n6NO3Er+DGCmbaClXogcDjnXu7JCSLOtEHo00mtrW9sbqW3Mzu7e/sH2cOjhg5jRWidhDxUrQBrypmkdcMMp61IUSwCTpvB8Dbxm09UaRbKBzOKqC9wX7IeI9hY6dGraQZvoHeGOtkcyl9VSoViCaI8QmW34CakUC5eFqFrlQQ5sECtk/3yuiGJBZWGcKx120WR8cdYGUY4nWS8WNMIkyHu07alEguq/fEs8QSeW6ULe6GyTxo4U39vjLHQeiQCOymwGei/XiKu8tqx6VX8MZNRbKgk80O9mEMTwuT7sMsUJYaPLMFEMZsVkgFWmBhb0soES2IQiElmBtvXTynwf9Io5F2Ud++Luer1ork0OAGn4AK4oAyq4A7UQB0QIMEzeAFTZ+q8Om/O+3w05Sx2jsESnI9voU2gHg==</latexit><latexit sha1_base64="DXskJZLUq8dlvlP2wfpW+BN1GO4=">AAACHHicdVDLSgMxFM3UV62vqks3wSq4Kpla2goKBTcuK9gHdoaSSdM2NMkMSUYopX/h1n6NO3Er+DGCmbaClXogcDjnXu7JCSLOtEHo00mtrW9sbqW3Mzu7e/sH2cOjhg5jRWidhDxUrQBrypmkdcMMp61IUSwCTpvB8Dbxm09UaRbKBzOKqC9wX7IeI9hY6dGraQZvoHeGOtkcyl9VSoViCaI8QmW34CakUC5eFqFrlQQ5sECtk/3yuiGJBZWGcKx120WR8cdYGUY4nWS8WNMIkyHu07alEguq/fEs8QSeW6ULe6GyTxo4U39vjLHQeiQCOymwGei/XiKu8tqx6VX8MZNRbKgk80O9mEMTwuT7sMsUJYaPLMFEMZsVkgFWmBhb0soES2IQiElmBtvXTynwf9Io5F2Ud++Luer1ork0OAGn4AK4oAyq4A7UQB0QIMEzeAFTZ+q8Om/O+3w05Sx2jsESnI9voU2gHg==</latexit><latexit sha1_base64="DXskJZLUq8dlvlP2wfpW+BN1GO4=">AAACHHicdVDLSgMxFM3UV62vqks3wSq4Kpla2goKBTcuK9gHdoaSSdM2NMkMSUYopX/h1n6NO3Er+DGCmbaClXogcDjnXu7JCSLOtEHo00mtrW9sbqW3Mzu7e/sH2cOjhg5jRWidhDxUrQBrypmkdcMMp61IUSwCTpvB8Dbxm09UaRbKBzOKqC9wX7IeI9hY6dGraQZvoHeGOtkcyl9VSoViCaI8QmW34CakUC5eFqFrlQQ5sECtk/3yuiGJBZWGcKx120WR8cdYGUY4nWS8WNMIkyHu07alEguq/fEs8QSeW6ULe6GyTxo4U39vjLHQeiQCOymwGei/XiKu8tqx6VX8MZNRbKgk80O9mEMTwuT7sMsUJYaPLMFEMZsVkgFWmBhb0soES2IQiElmBtvXTynwf9Io5F2Ud++Luer1ork0OAGn4AK4oAyq4A7UQB0QIMEzeAFTZ+q8Om/O+3w05Sx2jsESnI9voU2gHg==</latexit>

⌘b(j) = ⌘c(k) = ⌘ for all j, k 2 {1, . . . , s},
<latexit sha1_base64="TEx8KxIJvb+CMGD4ICnRioF2pGw=">AAACWHicbZBNS8NAEIan8aNav6oevQy2QoVSkl70Igh68KhgVWhq2Ww3unazCbsToYT+IX+NV/0vgtvYg1/v6eGdmZ3ZN8qUtOT7bxVvYXFpubqyWltb39jcqm/v3Ng0N1z0eKpScxcxK5TUokeSlLjLjGBJpMRtND6b1W+fhbEy1dc0ycQgYQ9axpIzctawft4MBbH7qPV0iCdYMm+NHc+wiRinBplS2HxqjzGUGsMiaGM4Ss m20YbTZjsMa8N6w+/4pfAvBHNowFyXw/qHe4HnidDEFbO2H/gZDQpmSHIlprUwtyJjfMweRN+hZomwg6L87RQPnDMqD4tTTVi63ycKllg7SSLXmTB6tL9rM/O/Wj+n+HhQSJ3lJDT/WhTnCinFWXQ4kkZwUhMHjBvpbkX+yAzj5AL+94IfZhQl01opl1fwO52/cNPtBH4nuOo2Trvz5FZgD/ahBQEcwSlcwCX0gMMLvMIbvFfePfCq3upXq1eZz+zCD3k7n23VsBw=</latexit><latexit sha1_base64="TEx8KxIJvb+CMGD4ICnRioF2pGw=">AAACWHicbZBNS8NAEIan8aNav6oevQy2QoVSkl70Igh68KhgVWhq2Ww3unazCbsToYT+IX+NV/0vgtvYg1/v6eGdmZ3ZN8qUtOT7bxVvYXFpubqyWltb39jcqm/v3Ng0N1z0eKpScxcxK5TUokeSlLjLjGBJpMRtND6b1W+fhbEy1dc0ycQgYQ9axpIzctawft4MBbH7qPV0iCdYMm+NHc+wiRinBplS2HxqjzGUGsMiaGM4Ss m20YbTZjsMa8N6w+/4pfAvBHNowFyXw/qHe4HnidDEFbO2H/gZDQpmSHIlprUwtyJjfMweRN+hZomwg6L87RQPnDMqD4tTTVi63ycKllg7SSLXmTB6tL9rM/O/Wj+n+HhQSJ3lJDT/WhTnCinFWXQ4kkZwUhMHjBvpbkX+yAzj5AL+94IfZhQl01opl1fwO52/cNPtBH4nuOo2Trvz5FZgD/ahBQEcwSlcwCX0gMMLvMIbvFfePfCq3upXq1eZz+zCD3k7n23VsBw=</latexit><latexit sha1_base64="TEx8KxIJvb+CMGD4ICnRioF2pGw=">AAACWHicbZBNS8NAEIan8aNav6oevQy2QoVSkl70Igh68KhgVWhq2Ww3unazCbsToYT+IX+NV/0vgtvYg1/v6eGdmZ3ZN8qUtOT7bxVvYXFpubqyWltb39jcqm/v3Ng0N1z0eKpScxcxK5TUokeSlLjLjGBJpMRtND6b1W+fhbEy1dc0ycQgYQ9axpIzctawft4MBbH7qPV0iCdYMm+NHc+wiRinBplS2HxqjzGUGsMiaGM4Ss m20YbTZjsMa8N6w+/4pfAvBHNowFyXw/qHe4HnidDEFbO2H/gZDQpmSHIlprUwtyJjfMweRN+hZomwg6L87RQPnDMqD4tTTVi63ycKllg7SSLXmTB6tL9rM/O/Wj+n+HhQSJ3lJDT/WhTnCinFWXQ4kkZwUhMHjBvpbkX+yAzj5AL+94IfZhQl01opl1fwO52/cNPtBH4nuOo2Trvz5FZgD/ahBQEcwSlcwCX0gMMLvMIbvFfePfCq3upXq1eZz+zCD3k7n23VsBw=</latexit><latexit sha1_base64="TEx8KxIJvb+CMGD4ICnRioF2pGw=">AAACWHicbZBNS8NAEIan8aNav6oevQy2QoVSkl70Igh68KhgVWhq2Ww3unazCbsToYT+IX+NV/0vgtvYg1/v6eGdmZ3ZN8qUtOT7bxVvYXFpubqyWltb39jcqm/v3Ng0N1z0eKpScxcxK5TUokeSlLjLjGBJpMRtND6b1W+fhbEy1dc0ycQgYQ9axpIzctawft4MBbH7qPV0iCdYMm+NHc+wiRinBplS2HxqjzGUGsMiaGM4Ss m20YbTZjsMa8N6w+/4pfAvBHNowFyXw/qHe4HnidDEFbO2H/gZDQpmSHIlprUwtyJjfMweRN+hZomwg6L87RQPnDMqD4tTTVi63ycKllg7SSLXmTB6tL9rM/O/Wj+n+HhQSJ3lJDT/WhTnCinFWXQ4kkZwUhMHjBvpbkX+yAzj5AL+94IfZhQl01opl1fwO52/cNPtBH4nuOo2Trvz5FZgD/ahBQEcwSlcwCX0gMMLvMIbvFfePfCq3upXq1eZz+zCD3k7n23VsBw=</latexit>

⌘b = ⌘c = ⌘ .
<latexit sha1_base64="TCAayJYR1+oHmdaNVmOzg86e7eU=">AAACOHicbVA7T8MwGHR4lvIKMLJYtEhMUdIFlkqVWBiLRB9SEyrHdVqrdhLZDlIV5Q/wa1jpP2FjQ6zsSDhpBvo4yfLp7vvk8/kxo1LZ9oextb2zu7dfOageHh2fnJpn510ZJQKTDo5YJPo+koTRkHQUVYz0Y0EQ9xnp+dP73O+9ECFpFD6pWUw8jsYhDShGSktDs153iULPPmzCgmDYzG/ocqQmvs9TJ6tbQ7NmW3YBuE6ckt RAifbQ/HVHEU44CRVmSMqBY8fKS5FQFDOSVd1EkhjhKRqTgaYh4kR6afGbDF5rZQSDSOgTKlio/zdSxKWccV9P5iHlqpeLm7xBooI7L6VhnCgS4sVDQcKgimBeDRxRQbBiM00QFlRnhXiCBMJKF7gxwZKo28qqBXRfzmo766TbsBzbch4btVajbK4CLsEVuAEOuAUt8ADaoAMweAVv4B3MjbnxaXwZ34vRLaPcuQBLMH7+AAI3qmM=</latexit><latexit sha1_base64="TCAayJYR1+oHmdaNVmOzg86e7eU=">AAACOHicbVA7T8MwGHR4lvIKMLJYtEhMUdIFlkqVWBiLRB9SEyrHdVqrdhLZDlIV5Q/wa1jpP2FjQ6zsSDhpBvo4yfLp7vvk8/kxo1LZ9oextb2zu7dfOageHh2fnJpn510ZJQKTDo5YJPo+koTRkHQUVYz0Y0EQ9xnp+dP73O+9ECFpFD6pWUw8jsYhDShGSktDs153iULPPmzCgmDYzG/ocqQmvs9TJ6tbQ7NmW3YBuE6ckt RAifbQ/HVHEU44CRVmSMqBY8fKS5FQFDOSVd1EkhjhKRqTgaYh4kR6afGbDF5rZQSDSOgTKlio/zdSxKWccV9P5iHlqpeLm7xBooI7L6VhnCgS4sVDQcKgimBeDRxRQbBiM00QFlRnhXiCBMJKF7gxwZKo28qqBXRfzmo766TbsBzbch4btVajbK4CLsEVuAEOuAUt8ADaoAMweAVv4B3MjbnxaXwZ34vRLaPcuQBLMH7+AAI3qmM=</latexit><latexit sha1_base64="TCAayJYR1+oHmdaNVmOzg86e7eU=">AAACOHicbVA7T8MwGHR4lvIKMLJYtEhMUdIFlkqVWBiLRB9SEyrHdVqrdhLZDlIV5Q/wa1jpP2FjQ6zsSDhpBvo4yfLp7vvk8/kxo1LZ9oextb2zu7dfOageHh2fnJpn510ZJQKTDo5YJPo+koTRkHQUVYz0Y0EQ9xnp+dP73O+9ECFpFD6pWUw8jsYhDShGSktDs153iULPPmzCgmDYzG/ocqQmvs9TJ6tbQ7NmW3YBuE6ckt RAifbQ/HVHEU44CRVmSMqBY8fKS5FQFDOSVd1EkhjhKRqTgaYh4kR6afGbDF5rZQSDSOgTKlio/zdSxKWccV9P5iHlqpeLm7xBooI7L6VhnCgS4sVDQcKgimBeDRxRQbBiM00QFlRnhXiCBMJKF7gxwZKo28qqBXRfzmo766TbsBzbch4btVajbK4CLsEVuAEOuAUt8ADaoAMweAVv4B3MjbnxaXwZ34vRLaPcuQBLMH7+AAI3qmM=</latexit><latexit sha1_base64="TCAayJYR1+oHmdaNVmOzg86e7eU=">AAACOHicbVA7T8MwGHR4lvIKMLJYtEhMUdIFlkqVWBiLRB9SEyrHdVqrdhLZDlIV5Q/wa1jpP2FjQ6zsSDhpBvo4yfLp7vvk8/kxo1LZ9oextb2zu7dfOageHh2fnJpn510ZJQKTDo5YJPo+koTRkHQUVYz0Y0EQ9xnp+dP73O+9ECFpFD6pWUw8jsYhDShGSktDs153iULPPmzCgmDYzG/ocqQmvs9TJ6tbQ7NmW3YBuE6ckt RAifbQ/HVHEU44CRVmSMqBY8fKS5FQFDOSVd1EkhjhKRqTgaYh4kR6afGbDF5rZQSDSOgTKlio/zdSxKWccV9P5iHlqpeLm7xBooI7L6VhnCgS4sVDQcKgimBeDRxRQbBiM00QFlRnhXiCBMJKF7gxwZKo28qqBXRfzmo766TbsBzbch4btVajbK4CLsEVuAEOuAUt8ADaoAMweAVv4B3MjbnxaXwZ34vRLaPcuQBLMH7+AAI3qmM=</latexit>

Fix ⌘ > 0 and let the electricity billing and compensation profiles in the financial
policy satisfy the following for all M 2 M:

Then for all choices of battery capacity C the energy savings are  (C) = 0.
<latexit sha1_base64="lX7VZrChwic+vSlO1xtPSPnekPE=">AAACZHicbVDLahtBEByt87BlJ5ZjfAqExlLAuYhdXZKLwaBLjjJYtkESonfUKw2enVlmeg2L0G/lXwK5xn9hyGitg22lTkVVN11daaGV5zj+3Yh23rx99353r7l/8OHjYevo07W3pZM0lFZbd5uiJ60MDVmxptvCEeapppv0rr/2b+7JeWXNFVcFTXKcG5UpiRykaWtwtSADmXWAWoNcWCXJg80gRWZyFUgsUCquoNPvAC8IyJ CbV+DxXpm5B3QEnfHAq7P+t/O405222nE3rgHbJNmQtthgMG09jmdWljkZlhq9HyVxwZMlOlZS06o5Lj2FCHc4p1GgBnPyk2X9+Qq+BmVWx8+sYajV5xtLzL2v8jRM5sgL/9pbi//zRiVnPyZLZYqSycinQ1mpgS2sa4SZciRZV4GgdCpkDeWhQxlK27pSJ3ghpmm+atYIfSWv29km171uEneTy177ordpbld8FqfiTCTiu7gQP8VADIUUv8Qf8Vc8NB6ig+g4OnkajRqbnWPxAtGXf+Bqtx8=</latexit><latexit sha1_base64="lX7VZrChwic+vSlO1xtPSPnekPE=">AAACZHicbVDLahtBEByt87BlJ5ZjfAqExlLAuYhdXZKLwaBLjjJYtkESonfUKw2enVlmeg2L0G/lXwK5xn9hyGitg22lTkVVN11daaGV5zj+3Yh23rx99353r7l/8OHjYevo07W3pZM0lFZbd5uiJ60MDVmxptvCEeapppv0rr/2b+7JeWXNFVcFTXKcG5UpiRykaWtwtSADmXWAWoNcWCXJg80gRWZyFUgsUCquoNPvAC8IyJ CbV+DxXpm5B3QEnfHAq7P+t/O405222nE3rgHbJNmQtthgMG09jmdWljkZlhq9HyVxwZMlOlZS06o5Lj2FCHc4p1GgBnPyk2X9+Qq+BmVWx8+sYajV5xtLzL2v8jRM5sgL/9pbi//zRiVnPyZLZYqSycinQ1mpgS2sa4SZciRZV4GgdCpkDeWhQxlK27pSJ3ghpmm+atYIfSWv29km171uEneTy177ordpbld8FqfiTCTiu7gQP8VADIUUv8Qf8Vc8NB6ig+g4OnkajRqbnWPxAtGXf+Bqtx8=</latexit><latexit sha1_base64="lX7VZrChwic+vSlO1xtPSPnekPE=">AAACZHicbVDLahtBEByt87BlJ5ZjfAqExlLAuYhdXZKLwaBLjjJYtkESonfUKw2enVlmeg2L0G/lXwK5xn9hyGitg22lTkVVN11daaGV5zj+3Yh23rx99353r7l/8OHjYevo07W3pZM0lFZbd5uiJ60MDVmxptvCEeapppv0rr/2b+7JeWXNFVcFTXKcG5UpiRykaWtwtSADmXWAWoNcWCXJg80gRWZyFUgsUCquoNPvAC8IyJ CbV+DxXpm5B3QEnfHAq7P+t/O405222nE3rgHbJNmQtthgMG09jmdWljkZlhq9HyVxwZMlOlZS06o5Lj2FCHc4p1GgBnPyk2X9+Qq+BmVWx8+sYajV5xtLzL2v8jRM5sgL/9pbi//zRiVnPyZLZYqSycinQ1mpgS2sa4SZciRZV4GgdCpkDeWhQxlK27pSJ3ghpmm+atYIfSWv29km171uEneTy177ordpbld8FqfiTCTiu7gQP8VADIUUv8Qf8Vc8NB6ig+g4OnkajRqbnWPxAtGXf+Bqtx8=</latexit><latexit sha1_base64="lX7VZrChwic+vSlO1xtPSPnekPE=">AAACZHicbVDLahtBEByt87BlJ5ZjfAqExlLAuYhdXZKLwaBLjjJYtkESonfUKw2enVlmeg2L0G/lXwK5xn9hyGitg22lTkVVN11daaGV5zj+3Yh23rx99353r7l/8OHjYevo07W3pZM0lFZbd5uiJ60MDVmxptvCEeapppv0rr/2b+7JeWXNFVcFTXKcG5UpiRykaWtwtSADmXWAWoNcWCXJg80gRWZyFUgsUCquoNPvAC8IyJ CbV+DxXpm5B3QEnfHAq7P+t/O405222nE3rgHbJNmQtthgMG09jmdWljkZlhq9HyVxwZMlOlZS06o5Lj2FCHc4p1GgBnPyk2X9+Qq+BmVWx8+sYajV5xtLzL2v8jRM5sgL/9pbi//zRiVnPyZLZYqSycinQ1mpgS2sa4SZciRZV4GgdCpkDeWhQxlK27pSJ3ghpmm+atYIfSWv29km171uEneTy177ordpbld8FqfiTCTiu7gQP8VADIUUv8Qf8Vc8NB6ig+g4OnkajRqbnWPxAtGXf+Bqtx8=</latexit>

EL Ratnam, SR Weller, CM Kellett, “Scheduling residential battery storage with solar PV: Assessing the benefits of 
net metering,” Applied Energy, 2015

2 Rs
�0 denotes the all-1s column vector of length s



Net metering

Financial policy of net metering defined by a resident being billed at the same
rate as they are compensated for excess generation.

⌘b(k) = ⌘c(k) for all k 2 {1, . . . , s},

irrespective of the direction of x2(k)

Financial policy of net metering

⌘ := ⌘b = ⌘c, where ⌘ 2 Rs
�0

Energy Bill with a battery ⌃ := �⌘Tx2
<latexit sha1_base64="0p9O+mgHRjciwrJ05q+u1OvaDN0="></latexit><latexit sha1_base64="0p9O+mgHRjciwrJ05q+u1OvaDN0="></latexit><latexit sha1_base64="0p9O+mgHRjciwrJ05q+u1OvaDN0="></latexit><latexit sha1_base64="0p9O+mgHRjciwrJ05q+u1OvaDN0="></latexit>



Customer: How to calculate the operational savings?

Consider a residential energy network employing a financial policy of net me-
tering, where ⌘ 2 Rs

�0 is assumed fixed and known.

Let x1 2 Rs represent the battery profile over [0, T ] where T = s�.

Then the operational savings are given by  = �⌘Tx1

EL Ratnam, SR Weller, CM Kellett, “Scheduling residential battery storage with solar PV: Assessing the benefits of 
net metering,” Applied Energy, 2015



Customer: Linear Program (LP) to maximise savings 

Battery Constraints

max
x12Rs

�⌘Tx1

such that
A1x1  b1,
Tx1 = 0.

C=10kWh
$988/yr



Customer (maximise savings) vs Utility (Reverse power flow)

EL Ratnam, SR Weller, CM Kellett, “Scheduling residential battery storage with solar PV: Assessing the benefits of 
net metering,” Applied Energy, 2015

Average load 
and generation 
profiles 

Average grid 
profiles 

Summer Winter



Utility (flatten the load curve)

sX

k=1

h(k)(x2(k))
2

where h(k) � 1 8 k 2 {1, . . . , s} are selectable weighting

x2(k) = l(k)� g(k)� x1(k) 8 k 2 {1, . . . , s}

B  x1  B 0  �  C


1
�

�(k) := �(0)�
kX

j=1

x1(j)� for all k 2 {1, . . . , s}�(s) = �(0)

Power Balance Equation

Battery

EL Ratnam, SR Weller, CM Kellett, “An optimization-based approach to scheduling residential battery storage with 
solar PV: Assessing customer benefit,” Renewable Energy, 2015

s is the number of time intervals of length �
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Utility: Quadratic Program

battery constraints
power balance equation + 
battery constraints

x :=
⇥
xT
1 xT

2

⇤T 2 R2s

H :=


0 0

0 H

�

H := diag(h(1), . . . , h(s))
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0 denotes an all-zero matrix, or an all-zero column vector,

2 R2s⇥2s
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QP: Balancing Customer and Distributor Benefits

sX

k=1

w�⌘(k)x1(k)� ⌘(k)(x2(k))
2
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Maximize
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where w is a distributor weighting.
<latexit sha1_base64="ojz8BmMcvECg1JbYVdTBuwMfFHI=">AAACOXicbVC7TgJBFJ3FF+ILtbSZCCRWZBcLLUlsLDGRRwKEzA53YcLs7GbmroQQvsCvsZUvsbQzttYmDo9CHqc6Oefe3HOPH0th0HU/nNTO7t7+Qfowc3R8cnqWPb+omSjRHKo8kpFu+MyAFAqqKFBCI9bAQl9C3R88zPz6C2gjIvWMoxjaIespEQjO0EqdbGHYBw00P8xTYSijXXtSCz/BSNMhiF4fheoVO9mcW3TnoJvEW5IcWaLSyf62uhFPQlDIJTOm6bkxtsdMo+ASJplWYiBmfMB60LRUsRBMezx/Z0ILVunSwCYIIoV0rv7fGLPQmFHo28mQYd+sezNxm9dMMLhvj4WKEwTFF4eCRFKM6Kwb+7wGjnJkCeNa2KyU95lmHG2DWxOsiL4fTjJz2L689XY2Sa1U9Nyi91TKlW+XzaXJFbkmN8Qjd6RMHkmFVAknr+SNvJOpM3U+nS/nezGacpY7l2QFzs8fe1OrwQ==</latexit><latexit sha1_base64="ojz8BmMcvECg1JbYVdTBuwMfFHI=">AAACOXicbVC7TgJBFJ3FF+ILtbSZCCRWZBcLLUlsLDGRRwKEzA53YcLs7GbmroQQvsCvsZUvsbQzttYmDo9CHqc6Oefe3HOPH0th0HU/nNTO7t7+Qfowc3R8cnqWPb+omSjRHKo8kpFu+MyAFAqqKFBCI9bAQl9C3R88zPz6C2gjIvWMoxjaIespEQjO0EqdbGHYBw00P8xTYSijXXtSCz/BSNMhiF4fheoVO9mcW3TnoJvEW5IcWaLSyf62uhFPQlDIJTOm6bkxtsdMo+ASJplWYiBmfMB60LRUsRBMezx/Z0ILVunSwCYIIoV0rv7fGLPQmFHo28mQYd+sezNxm9dMMLhvj4WKEwTFF4eCRFKM6Kwb+7wGjnJkCeNa2KyU95lmHG2DWxOsiL4fTjJz2L689XY2Sa1U9Nyi91TKlW+XzaXJFbkmN8Qjd6RMHkmFVAknr+SNvJOpM3U+nS/nezGacpY7l2QFzs8fe1OrwQ==</latexit><latexit sha1_base64="ojz8BmMcvECg1JbYVdTBuwMfFHI=">AAACOXicbVC7TgJBFJ3FF+ILtbSZCCRWZBcLLUlsLDGRRwKEzA53YcLs7GbmroQQvsCvsZUvsbQzttYmDo9CHqc6Oefe3HOPH0th0HU/nNTO7t7+Qfowc3R8cnqWPb+omSjRHKo8kpFu+MyAFAqqKFBCI9bAQl9C3R88zPz6C2gjIvWMoxjaIespEQjO0EqdbGHYBw00P8xTYSijXXtSCz/BSNMhiF4fheoVO9mcW3TnoJvEW5IcWaLSyf62uhFPQlDIJTOm6bkxtsdMo+ASJplWYiBmfMB60LRUsRBMezx/Z0ILVunSwCYIIoV0rv7fGLPQmFHo28mQYd+sezNxm9dMMLhvj4WKEwTFF4eCRFKM6Kwb+7wGjnJkCeNa2KyU95lmHG2DWxOsiL4fTjJz2L689XY2Sa1U9Nyi91TKlW+XzaXJFbkmN8Qjd6RMHkmFVAknr+SNvJOpM3U+nS/nezGacpY7l2QFzs8fe1OrwQ==</latexit><latexit sha1_base64="ojz8BmMcvECg1JbYVdTBuwMfFHI=">AAACOXicbVC7TgJBFJ3FF+ILtbSZCCRWZBcLLUlsLDGRRwKEzA53YcLs7GbmroQQvsCvsZUvsbQzttYmDo9CHqc6Oefe3HOPH0th0HU/nNTO7t7+Qfowc3R8cnqWPb+omSjRHKo8kpFu+MyAFAqqKFBCI9bAQl9C3R88zPz6C2gjIvWMoxjaIespEQjO0EqdbGHYBw00P8xTYSijXXtSCz/BSNMhiF4fheoVO9mcW3TnoJvEW5IcWaLSyf62uhFPQlDIJTOm6bkxtsdMo+ASJplWYiBmfMB60LRUsRBMezx/Z0ILVunSwCYIIoV0rv7fGLPQmFHo28mQYd+sezNxm9dMMLhvj4WKEwTFF4eCRFKM6Kwb+7wGjnJkCeNa2KyU95lmHG2DWxOsiL4fTjJz2L689XY2Sa1U9Nyi91TKlW+XzaXJFbkmN8Qjd6RMHkmFVAknr+SNvJOpM3U+nS/nezGacpY7l2QFzs8fe1OrwQ==</latexit>

maximise savings (LP) flatten the load curve (QP)

x2(k) = l(k)� g(k)� x1(k) 8 k 2 {1, . . . , s}

B  x1  B 0  �  C


1
�

�(k) := �(0)�
kX

j=1

x1(j)� for all k 2 {1, . . . , s}�(s) = �(0)

Power Balance Equation

Battery

EL Ratnam, SR Weller, CM Kellett, “Central versus localized optimization-based approaches to power management in 
distribution networks with residential battery storage,” International Journal of Electric Power and Energy Systems, 2016

Constraints



Operational Savings: 145 customers

EL Ratnam, SR Weller, CM Kellett, “Central versus localized optimization-based approaches to power management in 
distribution networks with residential battery storage,” International Journal of Electric Power and Energy Systems, 2016

Average  
operational 
savings

Not all 
customers
benefit



Assessing the utility benefit: 145 Customers

EL Ratnam, SR Weller, CM Kellett, “Scheduling residential battery storage with solar PV: Assessing the benefits of 
net metering,” Applied Energy, 2015

Average load 
and 
generation 
profiles 

Average grid 
profiles 

w ⇡ 2
<latexit sha1_base64="xBv/oAzFgcTLVYKLz5hHSdvbFbw=">AAABuXicbU9NTwIxFHzFL8Qv1KOXjcTEE9klJB68kHjxiIl8JLuEvJYClXbbtEUlhJ/hwYv+Lv+NC+5BwUleMpmZl8xQI4XzYfhFClvbO7t7xf3SweHR8Un59Kzt9NQy3mJaatul6LgUKW954SXvGstRUck7dHK39DvP3Dqh00c/M7yncJSKoWDoMyl+CRI0xurXoNYvV8JquEKwSaKcVCBHs19+TwaaTRVPPZPoXByFxvfmaL 1gki9KydRxg2yCIx5nNEXFXW++qrwIrjJlEAy1zS71wUr9/TFH5dxM0Syp0I/durcU//UoVYtStiVab75J2rVqFFajh3qlUc9XFeECLuEaIriBBtxDE1rAQMMbfMAnuSVIxuTpJ1og+c85/AFx32+HeaU=</latexit><latexit sha1_base64="xBv/oAzFgcTLVYKLz5hHSdvbFbw=">AAABuXicbU9NTwIxFHzFL8Qv1KOXjcTEE9klJB68kHjxiIl8JLuEvJYClXbbtEUlhJ/hwYv+Lv+NC+5BwUleMpmZl8xQI4XzYfhFClvbO7t7xf3SweHR8Un59Kzt9NQy3mJaatul6LgUKW954SXvGstRUck7dHK39DvP3Dqh00c/M7yncJSKoWDoMyl+CRI0xurXoNYvV8JquEKwSaKcVCBHs19+TwaaTRVPPZPoXByFxvfmaL 1gki9KydRxg2yCIx5nNEXFXW++qrwIrjJlEAy1zS71wUr9/TFH5dxM0Syp0I/durcU//UoVYtStiVab75J2rVqFFajh3qlUc9XFeECLuEaIriBBtxDE1rAQMMbfMAnuSVIxuTpJ1og+c85/AFx32+HeaU=</latexit><latexit sha1_base64="xBv/oAzFgcTLVYKLz5hHSdvbFbw=">AAABuXicbU9NTwIxFHzFL8Qv1KOXjcTEE9klJB68kHjxiIl8JLuEvJYClXbbtEUlhJ/hwYv+Lv+NC+5BwUleMpmZl8xQI4XzYfhFClvbO7t7xf3SweHR8Un59Kzt9NQy3mJaatul6LgUKW954SXvGstRUck7dHK39DvP3Dqh00c/M7yncJSKoWDoMyl+CRI0xurXoNYvV8JquEKwSaKcVCBHs19+TwaaTRVPPZPoXByFxvfmaL 1gki9KydRxg2yCIx5nNEXFXW++qrwIrjJlEAy1zS71wUr9/TFH5dxM0Syp0I/durcU//UoVYtStiVab75J2rVqFFajh3qlUc9XFeECLuEaIriBBtxDE1rAQMMbfMAnuSVIxuTpJ1og+c85/AFx32+HeaU=</latexit><latexit sha1_base64="xBv/oAzFgcTLVYKLz5hHSdvbFbw=">AAABuXicbU9NTwIxFHzFL8Qv1KOXjcTEE9klJB68kHjxiIl8JLuEvJYClXbbtEUlhJ/hwYv+Lv+NC+5BwUleMpmZl8xQI4XzYfhFClvbO7t7xf3SweHR8Un59Kzt9NQy3mJaatul6LgUKW954SXvGstRUck7dHK39DvP3Dqh00c/M7yncJSKoWDoMyl+CRI0xurXoNYvV8JquEKwSaKcVCBHs19+TwaaTRVPPZPoXByFxvfmaL 1gki9KydRxg2yCIx5nNEXFXW++qrwIrjJlEAy1zS71wUr9/TFH5dxM0Syp0I/durcU//UoVYtStiVab75J2rVqFFajh3qlUc9XFeECLuEaIriBBtxDE1rAQMMbfMAnuSVIxuTpJ1og+c85/AFx32+HeaU=</latexit>



    
        ≈ $3/day ($2)

                                         
      ≈ $5/day

+

   Residential Load 
     ≈ 20kWh/day

1.5kW PV unit produces 
       ≈ 5kWh/day

+

10kWh battery
        LP ≈ -$1/day ($4)
         QP ≈ $1/day  ($2)

An Australian PV + Battery Customer



https://www.energymadeeasy.gov.au/

What about Electric Vehicle customers? 

What about excess generation?

Residential Load 
⇡ 20 kWh/day

<latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit>

1.5 kW PV unit produces

1.5 kW PV unit exports 

⇡ 5 kWh/day
<latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit>

⇡ 2 kWh/day
<latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit>

⇡ $2/day
<latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit>

⇡ $5/day
<latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit>

+ +

⇡ 5 kWh/day
<latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit>

https://www.tesla.com/en_AU/support/range-calculator

<latexit sha1_base64="vjRM8o8yz+TlfHWG58O2TkJd9D8=">AAAB+HicbVDLTgJBEJzFF+KDVY9eJoKJJ7JLiHok8eIRE3kksCGzwwAT5pWZWSNu+BIvHjTGq5/izb9xgD0oWEknlarudHfFilFjg+Dby21sbm3v5HcLe/sHh0X/6LhlZKIxaWLJpO7EyBBGBWlaahnpKE0Qjxlpx5Obud9+INpQKe7tVJGIo5GgQ4qRdVLfL5Z7SCktH2EtKMMJ7/uloBIsANdJmJESyNDo+1+9gcQJJ8JihozphoGyUYq0pZiRWaGXGKIQnqAR6ToqECcmSheHz+C5UwZwKLUrYeFC/T2RIm7MlMeukyM7NqveXPzP6yZ2eB2lVKjEEoGXi4YJg1bCeQpwQDXBlk0dQVhTdyvEY6QRti6rggshXH15nbSqlfCyUrurlurVLI48OAVn4AKE4ArUwS1ogCbAIAHP4BW8eU/ei/fufSxbc142cwL+wPv8AffmkfI=</latexit>

⇡ 40 km

?



EV Charging - How do we grid-integrate EVs?

Level 2: 20 to 100 km Per Hour
Charging: from 11pm-7pm

https://ww2.energy.ca.gov/2020publications/CEC-500-2020-005/CEC-500-2020-005.pdf

Level 2, 32-Amp charger can deliver 7 kW to the EV

11pm-7am

24
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Varies



Demand profile

https://www.ausgrid.com.au/~/media/Files/About%20Us/Newsroom/Discussions/Solar%20Effect%20on%20the%20Grid.pdf

Load + PV Load + PV + EV ?



1. A single residential system

2. Coordinated residential systems

3. New Control Paradigms

1. “Central versus localized optimization-based approaches to power management in distribution networks with 
residential battery storage,” International Journal of Electric Power and Energy Systems, 2016

2. “Receding horizon optimization-based approaches to manage supply voltages and power flows in a distribution 
grid with battery storage,” EL Ratnam, SR Weller,  Applied Energy, 2018

1. N. I. Nimalsiri, E. L. Ratnam, D. B. Smith, C. P. Mediwaththe and S. K. 
Halgamuge, "Coordinated Charge and Discharge Scheduling of Electric 
Vehicles for Load Curve Shaping," in IEEE Transactions on Intelligent 
Transportation Systems, doi: 10.1109/TITS.2021.3071686.

2. Nanduni I. Nimalsiri, Elizabeth L. Ratnam, Chathurika P. Mediwaththe, David B. 
Smith, Saman K. Halgamuge, Coordinated charging and discharging control of 
electric vehicles to manage supply voltages in distribution networks: Assessing 
the customer benefit, Applied Energy, Vol 291, 2021



Can we reduce the risk of critical failures?
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<latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit>

1. Reduce peak load and reverse 
power flow along a critical line or through a transformer

Coordinate residential systems

2. What about the supply 
voltages?



Central QP energy-shifting

⌘(k) is the net metering electricity price in $/kWh over the kth interval of length �

A1X1  Nb1,
TX1 = 0 and

Maximize
<latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit><latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit><latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit><latexit sha1_base64="XFktC6o7KUmznckaXoJP2Miex8w=">AAACBHicbVDLSgMxFL1TX3WsWtdugkVwVWbc6FJw47KCfUA7lEwm04YmmSG5I5ShP+C2X+NO/As/RjB9LOzjQOBwzr3ckxPnUlgMgh+vcnB4dHxSPfXPav75xWW91rFZYRhvs0xmphdTy6XQvI0CJe/lhlMVS96NJ88Lv/vOjRWZfsNpziNFR1qkglF0UmtYbwTNYAmyS8I1acAaw/rvIMlYobhGJqm1/TDIMSqpQcEkn/mDwv Kcsgkd8b6jmipuo3IZc0ZunZKQNDPuaSRL9f9GSZW1UxW7SUVxbLe9hbjP6xeYPkal0HmBXLPVobSQBDOy+DNJhOEM5dQRyoxwWQkbU0MZumb2JtgQ41jN/CVcXeF2Obukc98Mg2b4GkAVruEG7iCEB3iCF2hBGxgk8AFzb+59el+rWiveut8r2ID3/Qd12Jpc</latexit><latexit sha1_base64="yPmr0sfjibuPGbOHhn2vUVr43OI=">AAACD3icbVDLSgMxFL3js9aq1a2bYBFclRk3uhTcuBEq2Ae0pWTSO21okhmSjFiH/oRb+zXuxC/wYwTTaRf2cSBwOOde7skJE8GN9f0fb2t7Z3dvv3BQPCwdHZ+UT0sNE6eaYZ3FItatkBoUXGHdciuwlWikMhTYDEf3M7/5gtrwWD3bcYJdSQeKR5xR66TWI33lkr9hr1zxq34Osk6CBanAArVe+bfTj1kqUVkmqDHtwE9sN6 PaciZwUuykBhPKRnSAbUcVlWi6WZ53Qi6d0idRrN1TluTq/42MSmPGMnSTktqhWfVm4iavndrotptxlaQWFZsfilJBbExmnyd9rpFZMXaEMs1dVsKGVFNmXUUbEyyJYSgnxRyur2C1nXXSuK4GfjV48qEA53ABVxDADdzBA9SgDgwEvMMHTL2p9+l9zZvd8hYVn8ESvO8/9FSe2A==</latexit><latexit sha1_base64="yPmr0sfjibuPGbOHhn2vUVr43OI=">AAACD3icbVDLSgMxFL3js9aq1a2bYBFclRk3uhTcuBEq2Ae0pWTSO21okhmSjFiH/oRb+zXuxC/wYwTTaRf2cSBwOOde7skJE8GN9f0fb2t7Z3dvv3BQPCwdHZ+UT0sNE6eaYZ3FItatkBoUXGHdciuwlWikMhTYDEf3M7/5gtrwWD3bcYJdSQeKR5xR66TWI33lkr9hr1zxq34Osk6CBanAArVe+bfTj1kqUVkmqDHtwE9sN6 PaciZwUuykBhPKRnSAbUcVlWi6WZ53Qi6d0idRrN1TluTq/42MSmPGMnSTktqhWfVm4iavndrotptxlaQWFZsfilJBbExmnyd9rpFZMXaEMs1dVsKGVFNmXUUbEyyJYSgnxRyur2C1nXXSuK4GfjV48qEA53ABVxDADdzBA9SgDgwEvMMHTL2p9+l9zZvd8hYVn8ESvO8/9FSe2A==</latexit><latexit sha1_base64="RfhCtoGaxGKRRO2gzPkgRLwNC10=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgqszoQpcFN26ECvYB7VAyaaYNTTJDkhHr0J9wa7/Gnbh148cIptNZ2MeBwOGce7knJ4g508Z1f5zCxubW9k5xt7S3f3B4VD4+aeooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO5mfuuZKs0i+WTGMfUFHkgWMoKNldoP+IUJ9kp75YpbdTOgVeLlpAI56r3yb7cfkURQaQjHWnc8Nz Z+ipVhhNNJqZtoGmMywgPasVRiQbWfZnkn6MIqfRRGyj5pUKb+30ix0HosAjspsBnqZW8mrvM6iQlv/ZTJODFUkvmhMOHIRGj2edRnihLDx5ZgopjNisgQK0yMrWhtggUxCMSklMH25S23s0qaV1XPrXqPbqV2nTdXhDM4h0vw4AZqcA91aAABDm/wDlNn6nw4n87XfLTg5DunsADn+w/VgaBK</latexit><latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit><latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit><latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit><latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit><latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit><latexit sha1_base64="kWqi+Oie7RGo3dQeOQD8G9/0he0=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZaYudFlw40aoYB/QDiWT3mlDk8yQZMQ69Cfc2q9xJ27d+DGC6XQW9nEgcDjnXu7JCWLOtHHdH2djc2t7Z7ewV9w/ODw6Lp2cNnWUKAoNGvFItQOigTMJDcMMh3asgIiAQysY3c381jMozSL5ZMYx+IIMJAsZJcZK7QfywgR7hV6p7FbcDHiVeDkpoxz1Xum3249oIkAayonWHc+NjZ 8SZRjlMCl2Ew0xoSMygI6lkgjQfprlneBLq/RxGCn7pMGZ+n8jJULrsQjspCBmqJe9mbjO6yQmvPVTJuPEgKTzQ2HCsYnw7PO4zxRQw8eWEKqYzYrpkChCja1obYIFMQjEpJjB9uUtt7NKmtWK51a8x2q5dp03V0Dn6AJdIQ/doBq6R3XUQBRx9Ibe0dSZOh/Op/M1H91w8p0ztADn+w/WIaBM</latexit>
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X1(k) is combined power to or from microgrid batteries
<latexit sha1_base64="paci9U5k48M3nDG1buJee6pHI6w=">AAACV3icbVDLTgIxFC3jC/EFunTTiCa6ITNsdEnCxiUmIiRASNu5gw19TNqOhhA+yK9xKx9jtDOyEPGsTs59nXtoKrh1YbgsBVvbO7t75f3KweHR8Um1dvpkdWYYdJkW2vQpsSC4gq7jTkA/NUAkFdCj03Ze772AsVyrRzdLYSTJRPGEM+K8NK62h0pzFYNy+LI/jq6nN5eYW8y0pH5jjFP9CgY7jbXBidESS86MnhgeY0qcA8 PBjqv1sBEWwJskWpE6WqEzrn4OY80y6a8yQawdRGHqRnNiHGcCFpVhZiElbEomMPBUEQl2NC+eXeArr8Q4yf1o77pQf0/MibR2JqnvlMQ927+1XPyvNshccjeac5VmDhT7OZRkIn8+Tw7H3ABzYuYJYYZ7r5g9E0OYT2HjSuFgTaRULioFfF7R33Q2yVOzEYWN6KFZb4Wr5MroHF2gaxShW9RC96iDuoihN/SOPtCytCx9BbtB+ac1KK1mztAagto3n8a0kw==</latexit><latexit sha1_base64="paci9U5k48M3nDG1buJee6pHI6w=">AAACV3icbVDLTgIxFC3jC/EFunTTiCa6ITNsdEnCxiUmIiRASNu5gw19TNqOhhA+yK9xKx9jtDOyEPGsTs59nXtoKrh1YbgsBVvbO7t75f3KweHR8Um1dvpkdWYYdJkW2vQpsSC4gq7jTkA/NUAkFdCj03Ze772AsVyrRzdLYSTJRPGEM+K8NK62h0pzFYNy+LI/jq6nN5eYW8y0pH5jjFP9CgY7jbXBidESS86MnhgeY0qcA8 PBjqv1sBEWwJskWpE6WqEzrn4OY80y6a8yQawdRGHqRnNiHGcCFpVhZiElbEomMPBUEQl2NC+eXeArr8Q4yf1o77pQf0/MibR2JqnvlMQ927+1XPyvNshccjeac5VmDhT7OZRkIn8+Tw7H3ABzYuYJYYZ7r5g9E0OYT2HjSuFgTaRULioFfF7R33Q2yVOzEYWN6KFZb4Wr5MroHF2gaxShW9RC96iDuoihN/SOPtCytCx9BbtB+ac1KK1mztAagto3n8a0kw==</latexit><latexit sha1_base64="paci9U5k48M3nDG1buJee6pHI6w=">AAACV3icbVDLTgIxFC3jC/EFunTTiCa6ITNsdEnCxiUmIiRASNu5gw19TNqOhhA+yK9xKx9jtDOyEPGsTs59nXtoKrh1YbgsBVvbO7t75f3KweHR8Um1dvpkdWYYdJkW2vQpsSC4gq7jTkA/NUAkFdCj03Ze772AsVyrRzdLYSTJRPGEM+K8NK62h0pzFYNy+LI/jq6nN5eYW8y0pH5jjFP9CgY7jbXBidESS86MnhgeY0qcA8 PBjqv1sBEWwJskWpE6WqEzrn4OY80y6a8yQawdRGHqRnNiHGcCFpVhZiElbEomMPBUEQl2NC+eXeArr8Q4yf1o77pQf0/MibR2JqnvlMQ927+1XPyvNshccjeac5VmDhT7OZRkIn8+Tw7H3ABzYuYJYYZ7r5g9E0OYT2HjSuFgTaRULioFfF7R33Q2yVOzEYWN6KFZb4Wr5MroHF2gaxShW9RC96iDuoihN/SOPtCytCx9BbtB+ac1KK1mztAagto3n8a0kw==</latexit><latexit sha1_base64="paci9U5k48M3nDG1buJee6pHI6w=">AAACV3icbVDLTgIxFC3jC/EFunTTiCa6ITNsdEnCxiUmIiRASNu5gw19TNqOhhA+yK9xKx9jtDOyEPGsTs59nXtoKrh1YbgsBVvbO7t75f3KweHR8Um1dvpkdWYYdJkW2vQpsSC4gq7jTkA/NUAkFdCj03Ze772AsVyrRzdLYSTJRPGEM+K8NK62h0pzFYNy+LI/jq6nN5eYW8y0pH5jjFP9CgY7jbXBidESS86MnhgeY0qcA8 PBjqv1sBEWwJskWpE6WqEzrn4OY80y6a8yQawdRGHqRnNiHGcCFpVhZiElbEomMPBUEQl2NC+eXeArr8Q4yf1o77pQf0/MibR2JqnvlMQ927+1XPyvNshccjeac5VmDhT7OZRkIn8+Tw7H3ABzYuYJYYZ7r5g9E0OYT2HjSuFgTaRULioFfF7R33Q2yVOzEYWN6KFZb4Wr5MroHF2gaxShW9RC96iDuoihN/SOPtCytCx9BbtB+ac1KK1mztAagto3n8a0kw==</latexit>

X2(k) is the power (in kW) to or from the microgrid
<latexit sha1_base64="/MaCYHIPnJJ5vP09qnTbVI4xxDk=">AAACVnicbVDLTsMwEHTDu7wCHLlYFKRyqZJe4IjgwhEk+pDaqnKcTWvVj8h2QFXU/+FruAIfA8IJPdCWOY1mdrWzE6WcGRsEnxVvbX1jc2t7p7q7t39w6B8dt43KNIUWVVzpbkQMcCahZZnl0E01EBFx6ESTu8LvPIM2TMknO01hIMhIsoRRYp009G/7UjEZg7T4PO/Ohs365PIcM4PtGHCqXkDjOpN40rnEVmGlcaKVKE3BqF YjzeKhXwsaQQm8SsI5qaE5Hob+Vz9WNBPuKOXEmF4YpHaQE20Z5TCr9jMDKaETMoKeo5IIMIO8/HWGL5wS46RIolzoUv27kRNhzFREblIQOzbLXiH+5/Uym1wPcibTzIKkv4eSjBdvF8XhmGmglk8dIVQzlxXTMdGEWlfvvwkWxCgSs2oJ11e43M4qaTcbYdAIH5u1m2De3DY6RWeojkJ0hW7QPXpALUTRK3pD7+ij8lH59ja8rd9RrzLfOUEL8PwfBCazKg==</latexit><latexit sha1_base64="/MaCYHIPnJJ5vP09qnTbVI4xxDk=">AAACVnicbVDLTsMwEHTDu7wCHLlYFKRyqZJe4IjgwhEk+pDaqnKcTWvVj8h2QFXU/+FruAIfA8IJPdCWOY1mdrWzE6WcGRsEnxVvbX1jc2t7p7q7t39w6B8dt43KNIUWVVzpbkQMcCahZZnl0E01EBFx6ESTu8LvPIM2TMknO01hIMhIsoRRYp009G/7UjEZg7T4PO/Ohs365PIcM4PtGHCqXkDjOpN40rnEVmGlcaKVKE3BqF YjzeKhXwsaQQm8SsI5qaE5Hob+Vz9WNBPuKOXEmF4YpHaQE20Z5TCr9jMDKaETMoKeo5IIMIO8/HWGL5wS46RIolzoUv27kRNhzFREblIQOzbLXiH+5/Uym1wPcibTzIKkv4eSjBdvF8XhmGmglk8dIVQzlxXTMdGEWlfvvwkWxCgSs2oJ11e43M4qaTcbYdAIH5u1m2De3DY6RWeojkJ0hW7QPXpALUTRK3pD7+ij8lH59ja8rd9RrzLfOUEL8PwfBCazKg==</latexit><latexit sha1_base64="/MaCYHIPnJJ5vP09qnTbVI4xxDk=">AAACVnicbVDLTsMwEHTDu7wCHLlYFKRyqZJe4IjgwhEk+pDaqnKcTWvVj8h2QFXU/+FruAIfA8IJPdCWOY1mdrWzE6WcGRsEnxVvbX1jc2t7p7q7t39w6B8dt43KNIUWVVzpbkQMcCahZZnl0E01EBFx6ESTu8LvPIM2TMknO01hIMhIsoRRYp009G/7UjEZg7T4PO/Ohs365PIcM4PtGHCqXkDjOpN40rnEVmGlcaKVKE3BqF YjzeKhXwsaQQm8SsI5qaE5Hob+Vz9WNBPuKOXEmF4YpHaQE20Z5TCr9jMDKaETMoKeo5IIMIO8/HWGL5wS46RIolzoUv27kRNhzFREblIQOzbLXiH+5/Uym1wPcibTzIKkv4eSjBdvF8XhmGmglk8dIVQzlxXTMdGEWlfvvwkWxCgSs2oJ11e43M4qaTcbYdAIH5u1m2De3DY6RWeojkJ0hW7QPXpALUTRK3pD7+ij8lH59ja8rd9RrzLfOUEL8PwfBCazKg==</latexit><latexit sha1_base64="/MaCYHIPnJJ5vP09qnTbVI4xxDk=">AAACVnicbVDLTsMwEHTDu7wCHLlYFKRyqZJe4IjgwhEk+pDaqnKcTWvVj8h2QFXU/+FruAIfA8IJPdCWOY1mdrWzE6WcGRsEnxVvbX1jc2t7p7q7t39w6B8dt43KNIUWVVzpbkQMcCahZZnl0E01EBFx6ESTu8LvPIM2TMknO01hIMhIsoRRYp009G/7UjEZg7T4PO/Ohs365PIcM4PtGHCqXkDjOpN40rnEVmGlcaKVKE3BqF YjzeKhXwsaQQm8SsI5qaE5Hob+Vz9WNBPuKOXEmF4YpHaQE20Z5TCr9jMDKaETMoKeo5IIMIO8/HWGL5wS46RIolzoUv27kRNhzFREblIQOzbLXiH+5/Uym1wPcibTzIKkv4eSjBdvF8XhmGmglk8dIVQzlxXTMdGEWlfvvwkWxCgSs2oJ11e43M4qaTcbYdAIH5u1m2De3DY6RWeojkJ0hW7QPXpALUTRK3pD7+ij8lH59ja8rd9RrzLfOUEL8PwfBCazKg==</latexit>
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Newcastle: Elermore Vale Feeder Model
~ 50% PV Penetration

EL Ratnam, SR Weller, “Receding horizon optimization-based approaches to manage supply voltages and power 
flows in a distribution grid with battery storage,”   Applied Energy, 2018



Peak load reduction of      2MW

Approach 1
Central QP energy-

shifting

Baseline 
(no battery)

EL Ratnam, SR Weller, “Receding horizon optimization-based approaches to manage supply voltages and power 
flows in a distribution grid with battery storage,”   Applied Energy, 2018
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What about the supply voltages?
Supply voltages

+10%/-6% of 230V, AS 60038-1012 Standard Voltages



Voltage Violations - Inverters switch off 

Approach 1: Central QP energy-shifting

14 of 37 
Customers

23 of 37 
Customers

EL Ratnam, SR Weller, “Receding horizon optimization-based approaches to manage supply voltages and power 
flows in a distribution grid with battery storage,”   Applied Energy, 2018

+10%/-6% of 230V



Solution: local plus central QP energy-shifting

Central Local

~ 50% PV Penetration



Supply voltages Ok 

                       Central QP energy-shifting

                       Local QP energy-shifting

14 of 37 
Customers

23 of 37 
Customers

0 of 37
Customers

EL Ratnam, SR Weller, “Receding horizon optimization-based approaches to manage supply voltages and power 
flows in a distribution grid with battery storage,”   Applied Energy, 2018



Coordinating EV Charging and Discharging

Load + PV + EV



N. I. Nimalsiri, E. L. Ratnam, D. B. Smith, C. P. Mediwaththe and S. K. Halgamuge, "Coordinated Charge and Discharge Scheduling of Electric Vehicles for Load 
Curve Shaping," in IEEE Transactions on Intelligent Transportation Systems, doi: 10.1109/TITS.2021.3071686.

Coordinating EV Charging and Discharging

1. Reduce peak load through a transformer

Vehicle 2 Grid operation?

2. What about the supply voltages?



LP: Balancing Customer and Distributor Benefits

maximise savings (LP)

EV Battery constraints

Linearised Power Flow Equations (LinDistFlow) 
with Voltage Constraints

max
x12Rs

�⌘Tx1

such that
A1x1  b1,
Tx1 = 0.

Plus

<latexit sha1_base64="bmyVv+Sc8JI+1bJgYt3Q4AqyR5g="></latexit>

v21  VVV +
Ph

n=1 Dnxn  v21
Nanduni I. Nimalsiri, Elizabeth L. Ratnam, Chathurika P. Mediwaththe, David B. Smith, Saman K. Halgamuge, Coordinated charging 
and discharging control of electric vehicles to manage supply voltages in distribution networks: Assessing the customer benefit, 
Applied Energy, Vol 291, 2021



Coordinate EV Charging with V2G

Nanduni I. Nimalsiri, Elizabeth L. Ratnam, Chathurika P. Mediwaththe, David B. Smith, Saman K. Halgamuge, Coordinated charging and discharging control 
of electric vehicles to manage supply voltages in distribution networks: Assessing the customer benefit, Applied Energy, Vol 291, 2021

Cost: $9.02 Cost $0.72

? What about the supply voltages?
<latexit sha1_base64="pEoYCebs9ldh9w7GNK3EQrIsr0s=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVzUpRV0W3LisYB/QhjKZTNqhk5kwMxFjKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPX7MqNKO820VVlbX1jeKm6Wt7Z3dPXv/oK1EIjFpYcGE7PpIEUY5aWmqGenGkqDIZ6Tjj6+nfueeSEUFv9NpTLwIDTkNKUbaSAP7qNJHcSzFA3TrFTjujM4DlA7sslN1ZoDLxM1JGeRoDuyvfiBwEhGuMUNK9Vwn1l6GpKaYkUmpnygSIzxGQ9IzlKOIKC+bXT+Bp0YJYCikKa7hTP09kaFIqTTyTWeE9EgtelPxP6+X6PDKyyiPE004ni8KEwa1gNMoYEAlwZqlhiAsqbkV4hGSCGsTWMmE4C6+vEzatap7Ua3f1sqNWh5HERyDE3AGXHAJGuAGNEELYPAInsEreLOerBfr3fqYtxasfOYQ/IH1+QNzYZPk</latexit>

⇡ 14 kWh/day
<latexit sha1_base64="coLuRnh5WSpV5mz7cBelp8iLZ9I=">AAAB+XicbVDLSgNBEJyNrxhfqx69DCaCp7AbRD0GvHiMYB6QLGF2MpsMmRczs8Gw5E+8eFDEq3/izb9xkuxBEwsaiqpuurtixaixQfDtFTY2t7Z3irulvf2DwyP/+KRlZKoxaWLJpO7EyBBGBWlaahnpKE0Qjxlpx+O7ud+eEG2oFI92qkjE0VDQhGJkndT3/UoPKaXlEwzDoALHvO+Xg2qwAFwnYU7KIEej73/1BhKnnAiLGTKmGwbKRhnSlmJGZqVeaohCeIyGpOuoQJyYKFtcPoMXThnARGpXwsKF+nsiQ9yYKY9dJ0d2ZFa9ufif101tchtlVKjUEoGXi5KUQSvhPAY4oJpgy6aOIKypuxXiEdIIWxdWyYUQrr68Tlq1anhdvXqoleu1PI4iOAPn4BKE4AbUwT1ogCbAYAKewSt48zLvxXv3PpatBS+fOQV/4H3+AGcdkio=</latexit>

⇡ 110 km



Coordinate EV Charging with V2G

Nanduni I. Nimalsiri, Elizabeth L. Ratnam, Chathurika P. Mediwaththe, David B. Smith, Saman K. Halgamuge, Coordinated 
charging and discharging control of electric vehicles to manage supply voltages in distribution networks: Assessing the customer 
benefit, Applied Energy, Vol 291, 2021

What about the supply voltages?



Coordinate EV Charging with V2G

Nanduni I. Nimalsiri, Elizabeth L. Ratnam, Chathurika P. Mediwaththe, David B. Smith, Saman K. Halgamuge, Coordinated 
charging and discharging control of electric vehicles to manage supply voltages in distribution networks: Assessing the customer 
benefit, Applied Energy, Vol 291, 2021

What about the supply voltages?

Day-ahead EV arrival times 
are different from actual EV 
arrival times

Day-ahead non-EV load is 
different from actual non-EV 
load



https://www.energymadeeasy.gov.au/

What about Electric Vehicle customers? 

What about excess generation?

Residential Load 
⇡ 20 kWh/day

<latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit><latexit sha1_base64="mKU4wx0stXk/fFev2NOAD3g9r0c=">AAACKHicbVDLSsNAFJ3UV62v+Ni5GWwFVzXJRpcFNy4r2Ae0oUwmk3boJBNmJmIM9Vvc2q9xJ936H4LTNAv7OHDhcM693MPxYkalsqyZUdra3tndK+9XDg6Pjk/M07O25InApIU546LrIUkYjUhLUcVINxYEhR4jHW/8MPc7L0RIyqNnlcbEDdEwogHFSGlpYF7U+iiOBX+FjlV7H3dGtz5KB2bVqls54DqxC1IFBZoD87fvc5yEJFKYISl7thUrN0NCUczIpNJPJIkRHqMh6WkaoZBIN8vTT+C1VnwYcKEnUjBX/19kKJQyDT29GSI1kqveXNzk9RIV3LsZjeJEkQgvHgUJg4rDeRXQp4JgxVJNEBZUZ4V4hATCShe2McGS6HnhpJJD92WvtrNO2k7dtur2k1NtOEVzZXAJrsANsMEdaIBH0AQtgMEb+ACfYGpMjS/j25gtVktGcXMOlmD8/AFHtKSF</latexit>

1.5 kW PV unit produces

1.5 kW PV unit exports 

⇡ 5 kWh/day
<latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit><latexit sha1_base64="ZKcxppa6oKH9ohs05usWB3mrCwo=">AAACJ3icbVDLSsNAFJ3UV62vaJduBlvBVU0KosuCG5cV7APaUCaTSTt0MhlmJmII9Vfc2q9xJ7r0QwSnaRf2ceDC4Zx7uYfjC0aVdpxvq7C1vbO7V9wvHRweHZ/Yp2dtFScSkxaOWSy7PlKEUU5ammpGukISFPmMdPzx/czvPBOpaMyfdCqIF6EhpyHFSBtpYJerfSSEjF+q8OZ13BldBygd2BWn5uSA68RdkApYoDmwf/tBjJOIcI0ZUqrnOkJ7GZKaYkYmpX6iiEB4jIakZyhHEVFeloefwEujBDCMpRmuYa7+v8hQpFQa+WYzQnqkVr2ZuMnrJTq88zLKRaIJx/NHYcKgjuGsCRhQSbBmqSEIS2qyQjxCEmFt+tqYYEn0/WhSymH6clfbWSftes11au5jvdKoL5orgnNwAa6AC25BAzyAJmgBDFLwBt7B1JpaH9an9TVfLViLmzJYgvXzB9GCpE4=</latexit>

⇡ 2 kWh/day
<latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit><latexit sha1_base64="EqRsWvG5NJFv0hV7moS6mkXlndg=">AAACJ3icdZBLS8NAFIUn9VXrK9qlm8FWcBWTWNq6K7hxWcE+oA1lMpm2QycPZiZiCPWvuLW/xp3o0h8iOGkrWKkHBg7fvZc5HDdiVEjT/NByG5tb2zv53cLe/sHhkX580hZhzDFp4ZCFvOsiQRgNSEtSyUg34gT5LiMdd3KTzTsPhAsaBvcyiYjjo1FAhxQjqdBAL5b7KIp4+FiG9tOkM770UDLQS6ZxXa/alSo0DdOsWbaVGbtWuapAS5FMJbBUc6B/9b0Qxz4JJGZIiJ5lRtJJEZcUMzIt9GNBIoQnaER6ygbIJ8JJ5+Gn8FwRDw5Drl4g4Zz+vkiRL0Tiu2rTR3Is/s4yuG7Wi+Ww7qQ0iGJJArz4aBgzKEOYNQE9ygmWLFEGYU5VVojHiCMsVV9rE6xA1/WnhblUXz+lwP9N2zYs07Du7FLDXjaXB6fgDFwAC9RAA9yCJmgBDBLwDF7ATJtpr9qb9r5YzWnLmyJYkfb5DTeRpI0=</latexit>

⇡ $2/day
<latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit><latexit sha1_base64="aJUhUw9t8jvIyGO7kALMTyZQpQE=">AAABxnicbU9LS8NAGPzWZ62vqODFS7AKnmpSBK8FLz1WsA9oStndbuvS7IPdjbbEgH/Dq1f9Q/4b05qDtg58MMzMBzNEx9y6IPhCa+sbm1vbpZ3y7t7+waF3dNy2KjGUtaiKlekSbFnMJWs57mLW1YZhQWLWIZO7ud95YsZyJR/cTLO+wGPJR5xil0sD7zTCWhs19aOL2nXk2NSlQzzLBl4lqAYL+KskLEgFCjQH3ls0VDQRTDoaY2t7YaBdP8XGcRqzrBwllmlMJ3jMejmVWDDbTxf9M/8yV4b+SJn8pPMX6u+PFAtrZ4LkSYHdo1325uK/HiEiK+dbwuXmq6Rdq4ZBNby/qdRrxaoSnME5XEEIt1CHBjShBRRe4B0+4BM1kEQJev6JrqHi5wT+AL1+A3DqfrE=</latexit>

⇡ $5/day
<latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit><latexit sha1_base64="NnZxBpKiGU51mkx3njaui0vAee0=">AAABxnicbU9LS8NAGPy2vmp9RQUvXoJV8FSTongteOmxgn1AU8rudltDsw92N9oSA/4Nr171D/lvTGMO2jrwwTAzH8wQFYXGet4XKq2tb2xulbcrO7t7+wfO4VHHyFhT1qYykrpHsGFRKFjbhjZiPaUZ5iRiXTK9W/jdJ6ZNKMWDnSs24HgiwnFIsc2koXMSYKW0nLnB+c1VYNnMJiM8T4dO1at5OdxV4hekCgVaQ+ctGEkacyYsjbAxfd9TdpBgbUMasbQSxIYpTKd4wvoZFZgzM0jy/ql7kSkjdyx1dsK6ufr7I8HcmDknWZJj+2iWvYX4r0cITyvZFn+5+Srp1Gu+V/Pvr6uNerGqDKdwBpfgwy00oAktaAOFF3iHD/hETSRQjJ5/oiVU/BzDH6DXb3TsfrQ=</latexit>

+ +

https://www.tesla.com/en_AU/support/range-calculator

             ≈ $9.0/day 
         LP ≈ $0.7/day ($8.3)

<latexit sha1_base64="pEoYCebs9ldh9w7GNK3EQrIsr0s=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVzUpRV0W3LisYB/QhjKZTNqhk5kwMxFjKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPX7MqNKO820VVlbX1jeKm6Wt7Z3dPXv/oK1EIjFpYcGE7PpIEUY5aWmqGenGkqDIZ6Tjj6+nfueeSEUFv9NpTLwIDTkNKUbaSAP7qNJHcSzFA3TrFTjujM4DlA7sslN1ZoDLxM1JGeRoDuyvfiBwEhGuMUNK9Vwn1l6GpKaYkUmpnygSIzxGQ9IzlKOIKC+bXT+Bp0YJYCikKa7hTP09kaFIqTTyTWeE9EgtelPxP6+X6PDKyyiPE004ni8KEwa1gNMoYEAlwZqlhiAsqbkV4hGSCGsTWMmE4C6+vEzatap7Ua3f1sqNWh5HERyDE3AGXHAJGuAGNEELYPAInsEreLOerBfr3fqYtxasfOYQ/IH1+QNzYZPk</latexit>

⇡ 14 kWh/day
<latexit sha1_base64="coLuRnh5WSpV5mz7cBelp8iLZ9I=">AAAB+XicbVDLSgNBEJyNrxhfqx69DCaCp7AbRD0GvHiMYB6QLGF2MpsMmRczs8Gw5E+8eFDEq3/izb9xkuxBEwsaiqpuurtixaixQfDtFTY2t7Z3irulvf2DwyP/+KRlZKoxaWLJpO7EyBBGBWlaahnpKE0Qjxlpx+O7ud+eEG2oFI92qkjE0VDQhGJkndT3/UoPKaXlEwzDoALHvO+Xg2qwAFwnYU7KIEej73/1BhKnnAiLGTKmGwbKRhnSlmJGZqVeaohCeIyGpOuoQJyYKFtcPoMXThnARGpXwsKF+nsiQ9yYKY9dJ0d2ZFa9ufif101tchtlVKjUEoGXi5KUQSvhPAY4oJpgy6aOIKypuxXiEdIIWxdWyYUQrr68Tlq1anhdvXqoleu1PI4iOAPn4BKE4AbUwT1ogCbAYAKewSt48zLvxXv3PpatBS+fOQV/4H3+AGcdkio=</latexit>

⇡ 110 km
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Synchrophasors compare the voltage phase angle at different locations

δ

�
<latexit sha1_base64="xcpZ18CcWlTmdZphcjhE1etssyM=">AAABtHicbU9NS8NAFHxbv2r8qnr0EgyCp5IU0WvBi8cKpi00oexuXuva3U3IboUS8h+81n/mvzGtOWjrwINhZh7MsEwKY33/izR2dvf2D5qHztHxyelZ6/yib9J5zjHkqUzzIaMGpdAYWmElDrMcqWISB2z2uPIH75gbkeoXu8gwVnSqxURwaiupHyUoLR23PL/tr+Fuk6AmHtTojVvLKEn5XKG2XFJjRoGf2biguRVcYulEc4MZ5TM6xVFFNVVo4mLdtnRvKiVxJ2lenbbuWv39UVBlzEKxKqmofTWb3kr812NMlU61Jdhsvk36nXbgt4PnO6/bqVc14Qqu4RYCeIAuPEEPQuDwBh+whE9yTyLCCf5EG6T+uYQ/IPobwUV3+A==</latexit><latexit sha1_base64="xcpZ18CcWlTmdZphcjhE1etssyM=">AAABtHicbU9NS8NAFHxbv2r8qnr0EgyCp5IU0WvBi8cKpi00oexuXuva3U3IboUS8h+81n/mvzGtOWjrwINhZh7MsEwKY33/izR2dvf2D5qHztHxyelZ6/yib9J5zjHkqUzzIaMGpdAYWmElDrMcqWISB2z2uPIH75gbkeoXu8gwVnSqxURwaiupHyUoLR23PL/tr+Fuk6AmHtTojVvLKEn5XKG2XFJjRoGf2biguRVcYulEc4MZ5TM6xVFFNVVo4mLdtnRvKiVxJ2lenbbuWv39UVBlzEKxKqmofTWb3kr812NMlU61Jdhsvk36nXbgt4PnO6/bqVc14Qqu4RYCeIAuPEEPQuDwBh+whE9yTyLCCf5EG6T+uYQ/IPobwUV3+A==</latexit><latexit sha1_base64="xcpZ18CcWlTmdZphcjhE1etssyM=">AAABtHicbU9NS8NAFHxbv2r8qnr0EgyCp5IU0WvBi8cKpi00oexuXuva3U3IboUS8h+81n/mvzGtOWjrwINhZh7MsEwKY33/izR2dvf2D5qHztHxyelZ6/yib9J5zjHkqUzzIaMGpdAYWmElDrMcqWISB2z2uPIH75gbkeoXu8gwVnSqxURwaiupHyUoLR23PL/tr+Fuk6AmHtTojVvLKEn5XKG2XFJjRoGf2biguRVcYulEc4MZ5TM6xVFFNVVo4mLdtnRvKiVxJ2lenbbuWv39UVBlzEKxKqmofTWb3kr812NMlU61Jdhsvk36nXbgt4PnO6/bqVc14Qqu4RYCeIAuPEEPQuDwBh+whE9yTyLCCf5EG6T+uYQ/IPobwUV3+A==</latexit><latexit sha1_base64="xcpZ18CcWlTmdZphcjhE1etssyM=">AAABtHicbU9NS8NAFHxbv2r8qnr0EgyCp5IU0WvBi8cKpi00oexuXuva3U3IboUS8h+81n/mvzGtOWjrwINhZh7MsEwKY33/izR2dvf2D5qHztHxyelZ6/yib9J5zjHkqUzzIaMGpdAYWmElDrMcqWISB2z2uPIH75gbkeoXu8gwVnSqxURwaiupHyUoLR23PL/tr+Fuk6AmHtTojVvLKEn5XKG2XFJjRoGf2biguRVcYulEc4MZ5TM6xVFFNVVo4mLdtnRvKiVxJ2lenbbuWv39UVBlzEKxKqmofTWb3kr812NMlU61Jdhsvk36nXbgt4PnO6/bqVc14Qqu4RYCeIAuPEEPQuDwBh+whE9yTyLCCf5EG6T+uYQ/IPobwUV3+A==</latexit>

The small phase angle     between different 
locations on the grid drives a.c. power flow

|Vi|\�i =
�!
V i(k) = [

�!
V a

i (k),
�!
V b

i (k),
�!
V c

i (k))]
T

<latexit sha1_base64="dkBU5epHi7n2ng4a3+XIVp3H/PM=">AAACM3icdZBNSwJBHMZn7M3sxa0uRZclCRRCdiXoJAhdOhroKrjrMjuO6+DsCzNjIeue+hR9kD5MdIsuHfoOjbaHUntg4OH5/R/4/8eLGRXSMF5hbmNza3snv1vY2z84LGpHx5aIJhyTNo5YxLseEoTRkLQllYx0Y05Q4DHS8ca3c955IFzQKGzJaUycAPkhHVKMpIpc7WlmuXSm2yj0GdHtAWESuVSv25FqceqPJOI8ekys1KXlcaXeWwf6SKErfS3y/kdYoYrTb7layagaC+mrxsxMCWRqutqzPYjwJCChxAwJ0TONWDoJ4pJiRtKCPREkRniMfNJTNkQBEU6y+KxUv1TJQB9GXL1Q6ov0dyNBgRDTwFOTAZIjsczm4VrmeUFaULeYy5uvGqtWNY2qeX9datSyq/LgHFyAMjDBDWiAO9AEbYDBJyzCU3gGX+AbfIcfP6M5mHVOwB/Br2/N06lg</latexit><latexit sha1_base64="dkBU5epHi7n2ng4a3+XIVp3H/PM=">AAACM3icdZBNSwJBHMZn7M3sxa0uRZclCRRCdiXoJAhdOhroKrjrMjuO6+DsCzNjIeue+hR9kD5MdIsuHfoOjbaHUntg4OH5/R/4/8eLGRXSMF5hbmNza3snv1vY2z84LGpHx5aIJhyTNo5YxLseEoTRkLQllYx0Y05Q4DHS8ca3c955IFzQKGzJaUycAPkhHVKMpIpc7WlmuXSm2yj0GdHtAWESuVSv25FqceqPJOI8ekys1KXlcaXeWwf6SKErfS3y/kdYoYrTb7layagaC+mrxsxMCWRqutqzPYjwJCChxAwJ0TONWDoJ4pJiRtKCPREkRniMfNJTNkQBEU6y+KxUv1TJQB9GXL1Q6ov0dyNBgRDTwFOTAZIjsczm4VrmeUFaULeYy5uvGqtWNY2qeX9datSyq/LgHFyAMjDBDWiAO9AEbYDBJyzCU3gGX+AbfIcfP6M5mHVOwB/Br2/N06lg</latexit><latexit sha1_base64="dkBU5epHi7n2ng4a3+XIVp3H/PM=">AAACM3icdZBNSwJBHMZn7M3sxa0uRZclCRRCdiXoJAhdOhroKrjrMjuO6+DsCzNjIeue+hR9kD5MdIsuHfoOjbaHUntg4OH5/R/4/8eLGRXSMF5hbmNza3snv1vY2z84LGpHx5aIJhyTNo5YxLseEoTRkLQllYx0Y05Q4DHS8ca3c955IFzQKGzJaUycAPkhHVKMpIpc7WlmuXSm2yj0GdHtAWESuVSv25FqceqPJOI8ekys1KXlcaXeWwf6SKErfS3y/kdYoYrTb7layagaC+mrxsxMCWRqutqzPYjwJCChxAwJ0TONWDoJ4pJiRtKCPREkRniMfNJTNkQBEU6y+KxUv1TJQB9GXL1Q6ov0dyNBgRDTwFOTAZIjsczm4VrmeUFaULeYy5uvGqtWNY2qeX9datSyq/LgHFyAMjDBDWiAO9AEbYDBJyzCU3gGX+AbfIcfP6M5mHVOwB/Br2/N06lg</latexit><latexit sha1_base64="dkBU5epHi7n2ng4a3+XIVp3H/PM=">AAACM3icdZBNSwJBHMZn7M3sxa0uRZclCRRCdiXoJAhdOhroKrjrMjuO6+DsCzNjIeue+hR9kD5MdIsuHfoOjbaHUntg4OH5/R/4/8eLGRXSMF5hbmNza3snv1vY2z84LGpHx5aIJhyTNo5YxLseEoTRkLQllYx0Y05Q4DHS8ca3c955IFzQKGzJaUycAPkhHVKMpIpc7WlmuXSm2yj0GdHtAWESuVSv25FqceqPJOI8ekys1KXlcaXeWwf6SKErfS3y/kdYoYrTb7layagaC+mrxsxMCWRqutqzPYjwJCChxAwJ0TONWDoJ4pJiRtKCPREkRniMfNJTNkQBEU6y+KxUv1TJQB9GXL1Q6ov0dyNBgRDTwFOTAZIjsczm4VrmeUFaULeYy5uvGqtWNY2qeX9datSyq/LgHFyAMjDBDWiAO9AEbYDBJyzCU3gGX+AbfIcfP6M5mHVOwB/Br2/N06lg</latexit>

δ = 0

Power injection to the grid is greater where voltage phase angle is farther advanced. Power flows from Unit 1 toward Unit 2

P ⇡ V1V2

Reactance
sin(�12)

<latexit sha1_base64="kqVMvePbIJAQhpd2/rj/2ziJLGc=">AAAB5nicbU/LSsNAFL2pr1pfUZduBotQNyVTRLcFNy6r2FRoSphMp+3QmUmYmYol5BfciQgu/Ba3+gP+jWnNQlsPXDicB9wTJYIb63lfTmlldW19o7xZ2dre2d1z9w98E080ZW0ai1jfRcQwwRVrW24Fu0s0IzISrBONL2d+555pw2N1a6cJ60kyVHzAKbG5FLrnLRSQJNHxAwoGmtDUDzHyw0aWpjeMUEsUZVmGDFe1oM+EJWGKG9lp6Fa9ujcHWia4IFUo0Ardl6Af04lkylJBjOliL7G9lGjLqWBZJZgYlhA6JkPWzakikpleOt+XoZNc6aNBrPNTFs3V342USGOmMsqTktiRWfRm4r9eFMmskm/Bi58vE79Rx14dX59Vm41iVRmO4BhqgOECmnAFLWgDhVd4hw/4dEbOo/PkPP9ES07ROYQ/cN6+AYeSi1c=</latexit><latexit sha1_base64="kqVMvePbIJAQhpd2/rj/2ziJLGc=">AAAB5nicbU/LSsNAFL2pr1pfUZduBotQNyVTRLcFNy6r2FRoSphMp+3QmUmYmYol5BfciQgu/Ba3+gP+jWnNQlsPXDicB9wTJYIb63lfTmlldW19o7xZ2dre2d1z9w98E080ZW0ai1jfRcQwwRVrW24Fu0s0IzISrBONL2d+555pw2N1a6cJ60kyVHzAKbG5FLrnLRSQJNHxAwoGmtDUDzHyw0aWpjeMUEsUZVmGDFe1oM+EJWGKG9lp6Fa9ujcHWia4IFUo0Ardl6Af04lkylJBjOliL7G9lGjLqWBZJZgYlhA6JkPWzakikpleOt+XoZNc6aNBrPNTFs3V342USGOmMsqTktiRWfRm4r9eFMmskm/Bi58vE79Rx14dX59Vm41iVRmO4BhqgOECmnAFLWgDhVd4hw/4dEbOo/PkPP9ES07ROYQ/cN6+AYeSi1c=</latexit><latexit sha1_base64="kqVMvePbIJAQhpd2/rj/2ziJLGc=">AAAB5nicbU/LSsNAFL2pr1pfUZduBotQNyVTRLcFNy6r2FRoSphMp+3QmUmYmYol5BfciQgu/Ba3+gP+jWnNQlsPXDicB9wTJYIb63lfTmlldW19o7xZ2dre2d1z9w98E080ZW0ai1jfRcQwwRVrW24Fu0s0IzISrBONL2d+555pw2N1a6cJ60kyVHzAKbG5FLrnLRSQJNHxAwoGmtDUDzHyw0aWpjeMUEsUZVmGDFe1oM+EJWGKG9lp6Fa9ujcHWia4IFUo0Ardl6Af04lkylJBjOliL7G9lGjLqWBZJZgYlhA6JkPWzakikpleOt+XoZNc6aNBrPNTFs3V342USGOmMsqTktiRWfRm4r9eFMmskm/Bi58vE79Rx14dX59Vm41iVRmO4BhqgOECmnAFLWgDhVd4hw/4dEbOo/PkPP9ES07ROYQ/cN6+AYeSi1c=</latexit><latexit sha1_base64="kqVMvePbIJAQhpd2/rj/2ziJLGc=">AAAB5nicbU/LSsNAFL2pr1pfUZduBotQNyVTRLcFNy6r2FRoSphMp+3QmUmYmYol5BfciQgu/Ba3+gP+jWnNQlsPXDicB9wTJYIb63lfTmlldW19o7xZ2dre2d1z9w98E080ZW0ai1jfRcQwwRVrW24Fu0s0IzISrBONL2d+555pw2N1a6cJ60kyVHzAKbG5FLrnLRSQJNHxAwoGmtDUDzHyw0aWpjeMUEsUZVmGDFe1oM+EJWGKG9lp6Fa9ujcHWia4IFUo0Ardl6Af04lkylJBjOliL7G9lGjLqWBZJZgYlhA6JkPWzakikpleOt+XoZNc6aNBrPNTFs3V342USGOmMsqTktiRWfRm4r9eFMmskm/Bi58vE79Rx14dX59Vm41iVRmO4BhqgOECmnAFLWgDhVd4hw/4dEbOo/PkPP9ES07ROYQ/cN6+AYeSi1c=</latexit>

New Control Paradigm



Phasor-Based Control

Local Layer
<latexit sha1_base64="Ix8e6d9/oTRLUY8zIddLPbyeb2Y=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZaYbXRbcuOiign3AdCh30rQNTSZDkhGGoZ/h1n6NO3ErfoxgOp2FfRwIHM65l3tywpgzbVz3x9nZ3ds/OCwdlY9PTs/OKxeXHS0TRWibSC5VLwRNOYto2zDDaS9WFETIaTecPi787itVmsnoxaQxDQSMIzZiBIyV/KYkwHETUqoGlapbc3PgTeIVpIoKtAaV3/5QkkTQyBAOWvueG5sgA2UY4XRW7ieaxkCmMKa+pREIqoMsjzzDt1YZ4pFU9kUG5+r/jQyE1qkI7aQAM9Hr3kLc5vmJGT0EGYvixNCILA+NEo6NxIv/4yFTlBieWgJEMZsVkwkoIMa2tDXBihiGYlbOYfvy1tvZJJ16zXNr3nO92qgXzZXQNbpBd8hD96iBnlALtRFBEr2hdzR35s6H8+l8LUd3nGLnCq3A+f4Dl8uhLQ==</latexit><latexit sha1_base64="Ix8e6d9/oTRLUY8zIddLPbyeb2Y=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZaYbXRbcuOiign3AdCh30rQNTSZDkhGGoZ/h1n6NO3ErfoxgOp2FfRwIHM65l3tywpgzbVz3x9nZ3ds/OCwdlY9PTs/OKxeXHS0TRWibSC5VLwRNOYto2zDDaS9WFETIaTecPi787itVmsnoxaQxDQSMIzZiBIyV/KYkwHETUqoGlapbc3PgTeIVpIoKtAaV3/5QkkTQyBAOWvueG5sgA2UY4XRW7ieaxkCmMKa+pREIqoMsjzzDt1YZ4pFU9kUG5+r/jQyE1qkI7aQAM9Hr3kLc5vmJGT0EGYvixNCILA+NEo6NxIv/4yFTlBieWgJEMZsVkwkoIMa2tDXBihiGYlbOYfvy1tvZJJ16zXNr3nO92qgXzZXQNbpBd8hD96iBnlALtRFBEr2hdzR35s6H8+l8LUd3nGLnCq3A+f4Dl8uhLQ==</latexit><latexit sha1_base64="Ix8e6d9/oTRLUY8zIddLPbyeb2Y=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZaYbXRbcuOiign3AdCh30rQNTSZDkhGGoZ/h1n6NO3ErfoxgOp2FfRwIHM65l3tywpgzbVz3x9nZ3ds/OCwdlY9PTs/OKxeXHS0TRWibSC5VLwRNOYto2zDDaS9WFETIaTecPi787itVmsnoxaQxDQSMIzZiBIyV/KYkwHETUqoGlapbc3PgTeIVpIoKtAaV3/5QkkTQyBAOWvueG5sgA2UY4XRW7ieaxkCmMKa+pREIqoMsjzzDt1YZ4pFU9kUG5+r/jQyE1qkI7aQAM9Hr3kLc5vmJGT0EGYvixNCILA+NEo6NxIv/4yFTlBieWgJEMZsVkwkoIMa2tDXBihiGYlbOYfvy1tvZJJ16zXNr3nO92qgXzZXQNbpBd8hD96iBnlALtRFBEr2hdzR35s6H8+l8LUd3nGLnCq3A+f4Dl8uhLQ==</latexit><latexit sha1_base64="Ix8e6d9/oTRLUY8zIddLPbyeb2Y=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZaYbXRbcuOiign3AdCh30rQNTSZDkhGGoZ/h1n6NO3ErfoxgOp2FfRwIHM65l3tywpgzbVz3x9nZ3ds/OCwdlY9PTs/OKxeXHS0TRWibSC5VLwRNOYto2zDDaS9WFETIaTecPi787itVmsnoxaQxDQSMIzZiBIyV/KYkwHETUqoGlapbc3PgTeIVpIoKtAaV3/5QkkTQyBAOWvueG5sgA2UY4XRW7ieaxkCmMKa+pREIqoMsjzzDt1YZ4pFU9kUG5+r/jQyE1qkI7aQAM9Hr3kLc5vmJGT0EGYvixNCILA+NEo6NxIv/4yFTlBieWgJEMZsVkwkoIMa2tDXBihiGYlbOYfvy1tvZJJ16zXNr3nO92qgXzZXQNbpBd8hD96iBnlALtRFBEr2hdzR35s6H8+l8LUd3nGLnCq3A+f4Dl8uhLQ==</latexit>
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<latexit sha1_base64="l/UOB1xjHSbW+Yrr2ESvUMRB08c=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1pxPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/68mn6w==</latexit><latexit sha1_base64="l/UOB1xjHSbW+Yrr2ESvUMRB08c=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1pxPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/68mn6w==</latexit><latexit sha1_base64="l/UOB1xjHSbW+Yrr2ESvUMRB08c=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1pxPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/68mn6w==</latexit><latexit sha1_base64="l/UOB1xjHSbW+Yrr2ESvUMRB08c=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1pxPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/68mn6w==</latexit>

|V6|\�6
<latexit sha1_base64="c6r4bo5Nbl8Pjs/pNoWXPHEK0PE=">AAACLnicbZDLSsNAFIYnXmu9Vd3pZrAIrkpSRF0W3LisYC/QljCZnLRDJ5MwMxFKWvBp3NqnEVyIW19CcJJ2YS8/DPx85xzOmd+LOVPatj+tjc2t7Z3dwl5x/+Dw6Lh0ctpUUSIpNGjEI9n2iALOBDQ00xzasQQSehxa3vAhq7deQCoWiWc9iqEXkr5gAaNEG+SWzsdNN72djHGXiD4H3PWBa5Ih7JbKdsXOhVeNMzdlNFfdLf12/YgmIQhNOVGq49ix7qVEakY5TIrdREFM6JD0oWOsICGoXpr/YYKvDPFxEEnzhMY5/T+RklCpUeiZzpDogVquZXBdrZPo4L6XMhEnGgSdLQoSjnWEs0CwzyRQzUfGECqZuRXTAZGEahPb2gsWoOeFk2Iuk5eznM6qaVYrjl1xnm7Kteo8uQK6QJfoGjnoDtXQI6qjBqLoFb2hdzS1ptaH9WV9z1o3rPnMGVqQ9fMH/eSnfw==</latexit><latexit sha1_base64="c6r4bo5Nbl8Pjs/pNoWXPHEK0PE=">AAACLnicbZDLSsNAFIYnXmu9Vd3pZrAIrkpSRF0W3LisYC/QljCZnLRDJ5MwMxFKWvBp3NqnEVyIW19CcJJ2YS8/DPx85xzOmd+LOVPatj+tjc2t7Z3dwl5x/+Dw6Lh0ctpUUSIpNGjEI9n2iALOBDQ00xzasQQSehxa3vAhq7deQCoWiWc9iqEXkr5gAaNEG+SWzsdNN72djHGXiD4H3PWBa5Ih7JbKdsXOhVeNMzdlNFfdLf12/YgmIQhNOVGq49ix7qVEakY5TIrdREFM6JD0oWOsICGoXpr/YYKvDPFxEEnzhMY5/T+RklCpUeiZzpDogVquZXBdrZPo4L6XMhEnGgSdLQoSjnWEs0CwzyRQzUfGECqZuRXTAZGEahPb2gsWoOeFk2Iuk5eznM6qaVYrjl1xnm7Kteo8uQK6QJfoGjnoDtXQI6qjBqLoFb2hdzS1ptaH9WV9z1o3rPnMGVqQ9fMH/eSnfw==</latexit><latexit sha1_base64="c6r4bo5Nbl8Pjs/pNoWXPHEK0PE=">AAACLnicbZDLSsNAFIYnXmu9Vd3pZrAIrkpSRF0W3LisYC/QljCZnLRDJ5MwMxFKWvBp3NqnEVyIW19CcJJ2YS8/DPx85xzOmd+LOVPatj+tjc2t7Z3dwl5x/+Dw6Lh0ctpUUSIpNGjEI9n2iALOBDQ00xzasQQSehxa3vAhq7deQCoWiWc9iqEXkr5gAaNEG+SWzsdNN72djHGXiD4H3PWBa5Ih7JbKdsXOhVeNMzdlNFfdLf12/YgmIQhNOVGq49ix7qVEakY5TIrdREFM6JD0oWOsICGoXpr/YYKvDPFxEEnzhMY5/T+RklCpUeiZzpDogVquZXBdrZPo4L6XMhEnGgSdLQoSjnWEs0CwzyRQzUfGECqZuRXTAZGEahPb2gsWoOeFk2Iuk5eznM6qaVYrjl1xnm7Kteo8uQK6QJfoGjnoDtXQI6qjBqLoFb2hdzS1ptaH9WV9z1o3rPnMGVqQ9fMH/eSnfw==</latexit><latexit sha1_base64="c6r4bo5Nbl8Pjs/pNoWXPHEK0PE=">AAACLnicbZDLSsNAFIYnXmu9Vd3pZrAIrkpSRF0W3LisYC/QljCZnLRDJ5MwMxFKWvBp3NqnEVyIW19CcJJ2YS8/DPx85xzOmd+LOVPatj+tjc2t7Z3dwl5x/+Dw6Lh0ctpUUSIpNGjEI9n2iALOBDQ00xzasQQSehxa3vAhq7deQCoWiWc9iqEXkr5gAaNEG+SWzsdNN72djHGXiD4H3PWBa5Ih7JbKdsXOhVeNMzdlNFfdLf12/YgmIQhNOVGq49ix7qVEakY5TIrdREFM6JD0oWOsICGoXpr/YYKvDPFxEEnzhMY5/T+RklCpUeiZzpDogVquZXBdrZPo4L6XMhEnGgSdLQoSjnWEs0CwzyRQzUfGECqZuRXTAZGEahPb2gsWoOeFk2Iuk5eznM6qaVYrjl1xnm7Kteo8uQK6QJfoGjnoDtXQI6qjBqLoFb2hdzS1ptaH9WV9z1o3rPnMGVqQ9fMH/eSnfw==</latexit>

|V10|\�10
<latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit>

P1, Q1
<latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit>

P2, Q2
<latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit>

P3, Q3
<latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit>

X2
<latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="e/AA02iqDCQ4PF8vp17hari94Qc=">AAABoHicbY9PS8NAEMUn9V+NVePZS7AInuLGi1fBi8cKpi00sexupnXpbhJ2N4US+gW8evKj+W1MYw7a+mDg8XszMI8VUhhLyJfT2ds/ODzqHrsnPff07NzrDU1eao4Rz2Wux4walCLDyAorcVxopIpJHLHF4yYfLVEbkWcvdlVgoug8EzPBqa3RYOr1SUAa+bsmbE0fWk29zzjNeakws1xSYyYhKWxSUW0Fl7h249JgQfmCznFS24wqNEnVvLn2r2uS+rNc15NZv6G/LyqqjFkpVm8qat/MdraB/2aMqbVbVwm3H981w7sgJEH4TKALl3AFNxDCPTzAEwwgAg4pvMOHc+tETvxTueO03S/gj5zXbzJmc10=</latexit><latexit sha1_base64="eswkHdmLWoMOeHlnEIKH8C/Qw/w=">AAABpnicbY9PS8NAEMUn9V+NVaNXL8EieCqbevAqePFY0bSRNsTd7bQu3U1CdiOUkI/gVfGj+W1MYw7a+mDg8XszMI+lUmhDyJfV2tre2d1r79sHncOjY+ekM9RJnnH0eSKTLGBUoxQx+kYYiUGaIVVM4ogtblf56BUzLZL40SxTDBWdx2ImODUVegiifuR0SY/UcjeN15guNBpEzudkmvBcYWy4pFqPPZKasKCZEVxiaU9yjSnlCzrHcWVjqlCHRf1q6V5UZOrOkqya2Lg1/X1RUKX1UrFqU1HzotezFfw3Y0yVdtXFW/980wz7PY/0vHsCbTiDc7gED67hBu5gAD5wmMMbvMOHdWU9Wc8/rVtWU/8U/shi30gtdVE=</latexit><latexit sha1_base64="eswkHdmLWoMOeHlnEIKH8C/Qw/w=">AAABpnicbY9PS8NAEMUn9V+NVaNXL8EieCqbevAqePFY0bSRNsTd7bQu3U1CdiOUkI/gVfGj+W1MYw7a+mDg8XszMI+lUmhDyJfV2tre2d1r79sHncOjY+ekM9RJnnH0eSKTLGBUoxQx+kYYiUGaIVVM4ogtblf56BUzLZL40SxTDBWdx2ImODUVegiifuR0SY/UcjeN15guNBpEzudkmvBcYWy4pFqPPZKasKCZEVxiaU9yjSnlCzrHcWVjqlCHRf1q6V5UZOrOkqya2Lg1/X1RUKX1UrFqU1HzotezFfw3Y0yVdtXFW/980wz7PY/0vHsCbTiDc7gED67hBu5gAD5wmMMbvMOHdWU9Wc8/rVtWU/8U/shi30gtdVE=</latexit><latexit sha1_base64="6Ks+dXcPh7ueCN8lfJReqGV0uDM=">AAABsXicbU9NS8NAFHxbv2r9qnr0EiyCp7Cph14LXjxWNG2lLXV3+xqX7CYhuxFK6E/wqvjT/DemMQdtHXgwzMyDGZ4oaSylX6S2tb2zu1ffbxwcHh2fNE/P+ibOUoG+iFWcDjkzqGSEvpVW4TBJkWmucMDD25U/eMXUyDh6tIsEJ5oFkZxLwWwhPQyn7WmzRV1awtkkXkVaUKE3bX6OZ7HINEZWKGbMyKOJneQstVIoXDbGmcGEiZAFOCpoxDSaSV5WXTpXhTJz5nFaXGSdUv39kTNtzELzIqmZfTHr3kr81+NcLxvFFm+9+Sbpt12Put49bXXb1ao6XMAlXIMHHejCHfTABwEBvME7fJAb8kSeCf+J1kj1cw5/QMJvYG12WQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit><latexit sha1_base64="3chhDSn18XG6/Dxz6HlW0k4vR8Q=">AAABsXicbU9NS8NAFHxbv2r9qnr0EgyCp5BEwWvBi8eKto20Je5uX+OS3SRkN0IJ/QleFX+a/8a05qCtAw+GmXkwwzIptHHdL9LY2Nza3mnutvb2Dw6P2scnfZ0WOcceT2WaB4xqlCLBnhFGYpDlSBWTOGDx7cIfvGKuRZo8mlmGY0WjREwFp6aSHoLQD9u267hLWOvEq4kNNbph+3M0SXmhMDFcUq2HnpuZcUlzI7jEeWtUaMwoj2mEw4omVKEel8uqc+uiUibWNM2rS4y1VH9/lFRpPVOsSipqXvSqtxD/9RhT81a1xVttvk76vuO5jnd/bXf8elUTzuAcLsGDG+jAHXShBxwieIN3+CBX5Ik8E/YTbZD65xT+gMTfYa12XQ==</latexit>

Supervisory Layer
<latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit><latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit><latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit><latexit sha1_base64="XFktC6o7KUmznckaXoJP2Miex8w=">AAACBHicbVDLSgMxFL1TX3WsWtdugkVwVWbc6FJw47KCfUA7lEwm04YmmSG5I5ShP+C2X+NO/As/RjB9LOzjQOBwzr3ckxPnUlgMgh+vcnB4dHxSPfXPav75xWW91rFZYRhvs0xmphdTy6XQvI0CJe/lhlMVS96NJ88Lv/vOjRWZfsNpziNFR1qkglF0UmtYbwTNYAmyS8I1acAaw/rvIMlYobhGJqm1/TDIMSqpQcEkn/mDwvKcsgkd8b6jmipuo3IZc0ZunZKQNDPuaSRL9f9GSZW1UxW7SUVxbLe9hbjP6xeYPkal0HmBXLPVobSQBDOy+DNJhOEM5dQRyoxwWQkbU0MZumb2JtgQ41jN/CVcXeF2Obukc98Mg2b4GkAVruEG7iCEB3iCF2hBGxgk8AFzb+59el+rWiveut8r2ID3/Qd12Jpc</latexit><latexit sha1_base64="H+IGAfxkbLGtQ/DSifvQj+AOhbA=">AAACGnicbZDLSgMxGIX/qbdaq07dugkWwVWZcaNLwY0LFxVtK7RDyaT/tKGZC0mmMgx9FLf2adyJ4MMIptMu7OVA4HBOQg6fnwiutOP8WKWd3b39g/Jh5ah6fHJq16ptFaeSYYvFIpavPlUoeIQtzbXA10QiDX2BHX98P+87E5SKx9GLzhL0QjqMeMAZ1Sbq27XnNEE54SqWGXmkGcq+XXcaTiGyadylqcNSzb792xvELA0x0kxQpbquk2gvp1JzJnBa6aUKE8rGdIhdYyMaovLyYvqUXJpkQIJYmhNpUqT/X+Q0VCoLfXMzpHqk1rt5uK3rpjq49XIeJanGiC0+ClJBdEzmHMiAS2RaZMZQJrnZStiISsq0obV1wUro++G0UsjwctfpbJr2dcN1Gu6TA2U4hwu4Ahdu4A4eoAktYPAG7/ABM2tmfVpfC7Ila4n4DFZkff8Bx7Oi7A==</latexit><latexit sha1_base64="H+IGAfxkbLGtQ/DSifvQj+AOhbA=">AAACGnicbZDLSgMxGIX/qbdaq07dugkWwVWZcaNLwY0LFxVtK7RDyaT/tKGZC0mmMgx9FLf2adyJ4MMIptMu7OVA4HBOQg6fnwiutOP8WKWd3b39g/Jh5ah6fHJq16ptFaeSYYvFIpavPlUoeIQtzbXA10QiDX2BHX98P+87E5SKx9GLzhL0QjqMeMAZ1Sbq27XnNEE54SqWGXmkGcq+XXcaTiGyadylqcNSzb792xvELA0x0kxQpbquk2gvp1JzJnBa6aUKE8rGdIhdYyMaovLyYvqUXJpkQIJYmhNpUqT/X+Q0VCoLfXMzpHqk1rt5uK3rpjq49XIeJanGiC0+ClJBdEzmHMiAS2RaZMZQJrnZStiISsq0obV1wUro++G0UsjwctfpbJr2dcN1Gu6TA2U4hwu4Ahdu4A4eoAktYPAG7/ABM2tmfVpfC7Ila4n4DFZkff8Bx7Oi7A==</latexit><latexit sha1_base64="JhHBrmPeJyvPWfqwzsfEYrROIvE=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dDIJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigDMBTc00h04kgQQ+h7Y/uV/47SlIxULxopMIvICMBBsySrSR+nb5OY5ATpkKZYIfSQKyb1ecqpMBbxI3JxWUo9G3f3uDkMYBCE05UarrOpH2UiI1oxxmpV6sICJ0QkbQNVSQAJSXZtFn+NooAzwMpRmhcab+v0hJoFQS+GYzIHqs1r2FuM3rxnp456VMRLEGQZePhjHHOsSLHvCASaCaJ4YQKpnJiumYSEK1aWtrghXR94NZKYPpy11vZ5O0alXXqbpPTqVey5srokt0hW6Qi25RHT2gBmoiil7RG3pHc2tufVif1tdytWDlNxdoBdbPH9PupGg=</latexit><latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit><latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit><latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit><latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit><latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit><latexit sha1_base64="TydvzHSYrikxkipQgODlkEMUOdQ=">AAACJXicbVDLSsNAFJ3UV62vVJduBovgqiTd6LLgxoWLivYBbSiT6W07dCYJM5NKCP0Ut/Zr3Ingyi8RnKZZ2MeBC4dz7uUejh9xprTjfFuFnd29/YPiYeno+OT0zC6ft1QYSwpNGvJQdnyigLMAmpppDp1IAhE+h7Y/uV/47SlIxcLgRScReIKMAjZklGgj9e3ycxyBnDIVygQ/kgRk3644VScD3iRuTiooR6Nv//YGIY0FBJpyolTXdSLtpURqRjnMSr1YQUTohIyga2hABCgvzaLP8LVRBngYSjOBxpn6/yIlQqlE+GZTED1W695C3OZ1Yz2881IWRLGGgC4fDWOOdYgXPeABk0A1TwwhVDKTFdMxkYRq09bWBCui74tZKYPpy11vZ5O0alXXqbpPtUq9ljdXRJfoCt0gF92iOnpADdREFL2iN/SO5tbc+rA+ra/lasHKby7QCqyfP9SOpGo=</latexit>

DOE EERE ENERGISE: Phasor-Based Control for Scalable Solar Photovoltaic Integration, $2.573 million
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<latexit sha1_base64="dkBU5epHi7n2ng4a3+XIVp3H/PM=">AAACM3icdZBNSwJBHMZn7M3sxa0uRZclCRRCdiXoJAhdOhroKrjrMjuO6+DsCzNjIeue+hR9kD5MdIsuHfoOjbaHUntg4OH5/R/4/8eLGRXSMF5hbmNza3snv1vY2z84LGpHx5aIJhyTNo5YxLseEoTRkLQllYx0Y05Q4DHS8ca3c955IFzQKGzJaUycAPkhHVKMpIpc7WlmuXSm2yj0GdHtAWESuVSv25FqceqPJOI8ekys1KXlcaXeWwf6SKErfS3y/kdYoYrTb7layagaC+mrxsxMCWRqutqzPYjwJCChxAwJ0TONWDoJ4pJiRtKCPREkRniMfNJTNkQBEU6y+KxUv1TJQB9GXL1Q6ov0dyNBgRDTwFOTAZIjsczm4VrmeUFaULeYy5uvGqtWNY2qeX9datSyq/LgHFyAMjDBDWiAO9AEbYDBJyzCU3gGX+AbfIcfP6M5mHVOwB/Br2/N06lg</latexit><latexit sha1_base64="dkBU5epHi7n2ng4a3+XIVp3H/PM=">AAACM3icdZBNSwJBHMZn7M3sxa0uRZclCRRCdiXoJAhdOhroKrjrMjuO6+DsCzNjIeue+hR9kD5MdIsuHfoOjbaHUntg4OH5/R/4/8eLGRXSMF5hbmNza3snv1vY2z84LGpHx5aIJhyTNo5YxLseEoTRkLQllYx0Y05Q4DHS8ca3c955IFzQKGzJaUycAPkhHVKMpIpc7WlmuXSm2yj0GdHtAWESuVSv25FqceqPJOI8ekys1KXlcaXeWwf6SKErfS3y/kdYoYrTb7layagaC+mrxsxMCWRqutqzPYjwJCChxAwJ0TONWDoJ4pJiRtKCPREkRniMfNJTNkQBEU6y+KxUv1TJQB9GXL1Q6ov0dyNBgRDTwFOTAZIjsczm4VrmeUFaULeYy5uvGqtWNY2qeX9datSyq/LgHFyAMjDBDWiAO9AEbYDBJyzCU3gGX+AbfIcfP6M5mHVOwB/Br2/N06lg</latexit><latexit sha1_base64="dkBU5epHi7n2ng4a3+XIVp3H/PM=">AAACM3icdZBNSwJBHMZn7M3sxa0uRZclCRRCdiXoJAhdOhroKrjrMjuO6+DsCzNjIeue+hR9kD5MdIsuHfoOjbaHUntg4OH5/R/4/8eLGRXSMF5hbmNza3snv1vY2z84LGpHx5aIJhyTNo5YxLseEoTRkLQllYx0Y05Q4DHS8ca3c955IFzQKGzJaUycAPkhHVKMpIpc7WlmuXSm2yj0GdHtAWESuVSv25FqceqPJOI8ekys1KXlcaXeWwf6SKErfS3y/kdYoYrTb7layagaC+mrxsxMCWRqutqzPYjwJCChxAwJ0TONWDoJ4pJiRtKCPREkRniMfNJTNkQBEU6y+KxUv1TJQB9GXL1Q6ov0dyNBgRDTwFOTAZIjsczm4VrmeUFaULeYy5uvGqtWNY2qeX9datSyq/LgHFyAMjDBDWiAO9AEbYDBJyzCU3gGX+AbfIcfP6M5mHVOwB/Br2/N06lg</latexit><latexit sha1_base64="dkBU5epHi7n2ng4a3+XIVp3H/PM=">AAACM3icdZBNSwJBHMZn7M3sxa0uRZclCRRCdiXoJAhdOhroKrjrMjuO6+DsCzNjIeue+hR9kD5MdIsuHfoOjbaHUntg4OH5/R/4/8eLGRXSMF5hbmNza3snv1vY2z84LGpHx5aIJhyTNo5YxLseEoTRkLQllYx0Y05Q4DHS8ca3c955IFzQKGzJaUycAPkhHVKMpIpc7WlmuXSm2yj0GdHtAWESuVSv25FqceqPJOI8ekys1KXlcaXeWwf6SKErfS3y/kdYoYrTb7layagaC+mrxsxMCWRqutqzPYjwJCChxAwJ0TONWDoJ4pJiRtKCPREkRniMfNJTNkQBEU6y+KxUv1TJQB9GXL1Q6ov0dyNBgRDTwFOTAZIjsczm4VrmeUFaULeYy5uvGqtWNY2qeX9datSyq/LgHFyAMjDBDWiAO9AEbYDBJyzCU3gGX+AbfIcfP6M5mHVOwB/Br2/N06lg</latexit>

Phasor-Based Control for Scalable Integration of Variable Energy Resources, A von Meier, EL Ratnam, K Brady, K Moffat, J Swartz, 
Energies 13 (1), 190
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<latexit sha1_base64="l/UOB1xjHSbW+Yrr2ESvUMRB08c=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1pxPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/68mn6w==</latexit><latexit sha1_base64="l/UOB1xjHSbW+Yrr2ESvUMRB08c=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1pxPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/68mn6w==</latexit><latexit sha1_base64="l/UOB1xjHSbW+Yrr2ESvUMRB08c=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1pxPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/68mn6w==</latexit><latexit sha1_base64="l/UOB1xjHSbW+Yrr2ESvUMRB08c=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1pxPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/68mn6w==</latexit>
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<latexit sha1_base64="c6r4bo5Nbl8Pjs/pNoWXPHEK0PE=">AAACLnicbZDLSsNAFIYnXmu9Vd3pZrAIrkpSRF0W3LisYC/QljCZnLRDJ5MwMxFKWvBp3NqnEVyIW19CcJJ2YS8/DPx85xzOmd+LOVPatj+tjc2t7Z3dwl5x/+Dw6Lh0ctpUUSIpNGjEI9n2iALOBDQ00xzasQQSehxa3vAhq7deQCoWiWc9iqEXkr5gAaNEG+SWzsdNN72djHGXiD4H3PWBa5Ih7JbKdsXOhVeNMzdlNFfdLf12/YgmIQhNOVGq49ix7qVEakY5TIrdREFM6JD0oWOsICGoXpr/YYKvDPFxEEnzhMY5/T+RklCpUeiZzpDogVquZXBdrZPo4L6XMhEnGgSdLQoSjnWEs0CwzyRQzUfGECqZuRXTAZGEahPb2gsWoOeFk2Iuk5eznM6qaVYrjl1xnm7Kteo8uQK6QJfoGjnoDtXQI6qjBqLoFb2hdzS1ptaH9WV9z1o3rPnMGVqQ9fMH/eSnfw==</latexit><latexit sha1_base64="c6r4bo5Nbl8Pjs/pNoWXPHEK0PE=">AAACLnicbZDLSsNAFIYnXmu9Vd3pZrAIrkpSRF0W3LisYC/QljCZnLRDJ5MwMxFKWvBp3NqnEVyIW19CcJJ2YS8/DPx85xzOmd+LOVPatj+tjc2t7Z3dwl5x/+Dw6Lh0ctpUUSIpNGjEI9n2iALOBDQ00xzasQQSehxa3vAhq7deQCoWiWc9iqEXkr5gAaNEG+SWzsdNN72djHGXiD4H3PWBa5Ih7JbKdsXOhVeNMzdlNFfdLf12/YgmIQhNOVGq49ix7qVEakY5TIrdREFM6JD0oWOsICGoXpr/YYKvDPFxEEnzhMY5/T+RklCpUeiZzpDogVquZXBdrZPo4L6XMhEnGgSdLQoSjnWEs0CwzyRQzUfGECqZuRXTAZGEahPb2gsWoOeFk2Iuk5eznM6qaVYrjl1xnm7Kteo8uQK6QJfoGjnoDtXQI6qjBqLoFb2hdzS1ptaH9WV9z1o3rPnMGVqQ9fMH/eSnfw==</latexit><latexit sha1_base64="c6r4bo5Nbl8Pjs/pNoWXPHEK0PE=">AAACLnicbZDLSsNAFIYnXmu9Vd3pZrAIrkpSRF0W3LisYC/QljCZnLRDJ5MwMxFKWvBp3NqnEVyIW19CcJJ2YS8/DPx85xzOmd+LOVPatj+tjc2t7Z3dwl5x/+Dw6Lh0ctpUUSIpNGjEI9n2iALOBDQ00xzasQQSehxa3vAhq7deQCoWiWc9iqEXkr5gAaNEG+SWzsdNN72djHGXiD4H3PWBa5Ih7JbKdsXOhVeNMzdlNFfdLf12/YgmIQhNOVGq49ix7qVEakY5TIrdREFM6JD0oWOsICGoXpr/YYKvDPFxEEnzhMY5/T+RklCpUeiZzpDogVquZXBdrZPo4L6XMhEnGgSdLQoSjnWEs0CwzyRQzUfGECqZuRXTAZGEahPb2gsWoOeFk2Iuk5eznM6qaVYrjl1xnm7Kteo8uQK6QJfoGjnoDtXQI6qjBqLoFb2hdzS1ptaH9WV9z1o3rPnMGVqQ9fMH/eSnfw==</latexit><latexit sha1_base64="c6r4bo5Nbl8Pjs/pNoWXPHEK0PE=">AAACLnicbZDLSsNAFIYnXmu9Vd3pZrAIrkpSRF0W3LisYC/QljCZnLRDJ5MwMxFKWvBp3NqnEVyIW19CcJJ2YS8/DPx85xzOmd+LOVPatj+tjc2t7Z3dwl5x/+Dw6Lh0ctpUUSIpNGjEI9n2iALOBDQ00xzasQQSehxa3vAhq7deQCoWiWc9iqEXkr5gAaNEG+SWzsdNN72djHGXiD4H3PWBa5Ih7JbKdsXOhVeNMzdlNFfdLf12/YgmIQhNOVGq49ix7qVEakY5TIrdREFM6JD0oWOsICGoXpr/YYKvDPFxEEnzhMY5/T+RklCpUeiZzpDogVquZXBdrZPo4L6XMhEnGgSdLQoSjnWEs0CwzyRQzUfGECqZuRXTAZGEahPb2gsWoOeFk2Iuk5eznM6qaVYrjl1xnm7Kteo8uQK6QJfoGjnoDtXQI6qjBqLoFb2hdzS1ptaH9WV9z1o3rPnMGVqQ9fMH/eSnfw==</latexit>
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<latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit>

P1, Q1
<latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit>

P2, Q2
<latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit>

P3, Q3
<latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit>

1. Phasor Alignment to operate a switch / adaptive islanding

2. A-B-C phase balancing

Subject to constraints

Supervisory Layer: Quadratic Program

min
sX

k=1

k�!V 11(k)�
�!
V 6(k)k

<latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit><latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit><latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit><latexit sha1_base64="e/AA02iqDCQ4PF8vp17hari94Qc=">AAABoHicbY9PS8NAEMUn9V+NVePZS7AInuLGi1fBi8cKpi00sexupnXpbhJ2N4US+gW8evKj+W1MYw7a+mDg8XszMI8VUhhLyJfT2ds/ODzqHrsnPff07NzrDU1eao4Rz2Wux4walCLDyAorcVxopIpJHLHF4yYfLVEbkWcvdlVgoug8EzPBqa3RYOr1SUAa+bsmbE0fWk29zzjNeakws1xSYyYhKWxSUW0Fl7h249JgQfmCzn FS24wqNEnVvLn2r2uS+rNc15NZv6G/LyqqjFkpVm8qat/MdraB/2aMqbVbVwm3H981w7sgJEH4TKALl3AFNxDCPTzAEwwgAg4pvMOHc+tETvxTueO03S/gj5zXbzJmc10=</latexit><latexit sha1_base64="AboRJbTDlZxyHSlkeT0u94OZOAI=">AAACFHicbZCxTsMwFEWd0kIJBQIrS0SFVAaquANMSEgsjEWiaaWmRE7qtlbjOLIdoLL8IYx8DRtiYeBbWHBCB2h5kqX77vGz3nWUJURIz/u0KhvV2uZWfdveaezu7TsHDV+wnMe4F7OE8UGEBE5IinuSyAQPMo4RjRLcj+bXBe8/YC4IS+/kIsMjiqYpmZAYSWOFDlOBxE/SVZSkWrvBTGQoxqpDqWlETkM1v4T6XgnTJj7m0g 2YeY+T6Uwiztmj8nWoINSt+al7tgbtgp6XMODFeOg0vbZXlrsu4FI0wbK6ofMcjFmcU5zKOEFCDKGXyZFCXJI4wdoOcoHNynM0xUMjU0SxGKnyY7R7YpyxO2HcnFS6pft7QiEqxIJG5iZFciZWWWH+y6KIattkgaubrwu/04ZeG956oA6OwDFoAQguwBW4AV3QAzH4AF9W1apZL9ar9faTumIt4x+CP2W9fwOSS6Bj</latexit><latexit sha1_base64="AboRJbTDlZxyHSlkeT0u94OZOAI=">AAACFHicbZCxTsMwFEWd0kIJBQIrS0SFVAaquANMSEgsjEWiaaWmRE7qtlbjOLIdoLL8IYx8DRtiYeBbWHBCB2h5kqX77vGz3nWUJURIz/u0KhvV2uZWfdveaezu7TsHDV+wnMe4F7OE8UGEBE5IinuSyAQPMo4RjRLcj+bXBe8/YC4IS+/kIsMjiqYpmZAYSWOFDlOBxE/SVZSkWrvBTGQoxqpDqWlETkM1v4T6XgnTJj7m0g 2YeY+T6Uwiztmj8nWoINSt+al7tgbtgp6XMODFeOg0vbZXlrsu4FI0wbK6ofMcjFmcU5zKOEFCDKGXyZFCXJI4wdoOcoHNynM0xUMjU0SxGKnyY7R7YpyxO2HcnFS6pft7QiEqxIJG5iZFciZWWWH+y6KIattkgaubrwu/04ZeG956oA6OwDFoAQguwBW4AV3QAzH4AF9W1apZL9ar9faTumIt4x+CP2W9fwOSS6Bj</latexit><latexit sha1_base64="SA67n2UqTAf2krVZskzm/YbgFzw=">AAACH3icbVC7TsMwFLVLCyW8CowsERVSGajiDjAhVWJhLBJ9SE2JnNRtrcRxZDtAZeVDGPkaNsTC0G9hwQ0ZoOVIls49556re+0nEZXKcRawtFGubG5Vt62d3b39g9rhUU/yVASkG/CIi4GPJYloTLqKqogMEkEw8yPS98Obpd9/JEJSHt+reUJGDE9jOqEBVkbyaly7ijwrWzMaZ5ntzmSCA6JbjJlCpszT4TXKHrQ0ZdQjQt kuN/MEnc4UFoI/6V7maYSyRnhuX6yZ1tK9zE1XLONere40nRz2OkEFqYMCHa/24o55kDISqyDCUg6Rk6iRxkLRICKZ5aaSmJVDPCVDQ2PMiBzp/GMy+8woY3vChXmxsnP1d0JjJuWc+aaTYTWTq95S/NfzfZZZ5ha0uvk66bWayGmiO6febhVXVcEJOAUNgMAVaINb0AFdEIBP8AXLsAJf4Rt8hx8/rSVYZI7BH8DFN4dTodk=</latexit><latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit><latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit><latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit><latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit><latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit><latexit sha1_base64="OCn7W7EJj9W945wOTK5eJyuAz5Q=">AAACH3icbVDLSgMxFE201Tq+qi7dBItQF5ZJEV0JBTcuK9gHdOqQmaZt6GQyJKlawnyIS7/Gnbhx0W9xY6bOQlsPBM49557LvQmSiCntunO4tl4obmyWtpztnd29/fLBYVuJqQxpKxSRkN2AKBqxmLY00xHtJpISHkS0E0xuMr/zSKViIr7Xs4T2ORnFbMhCoq3kl4XxNH3WyHAWpynyxiohITV1zm2hptw3k2ucPhhly6hNpU aesPMkG401kVI8mXbqG4zT6uQMna+YTuZeLkxPZnG/XHFr7gJoleCcVECOpl9+8QYinHIa6zAiSvWwm+i+IVKzMKKp400VtStPyIj2LI0Jp6pvFh+TolOrDNBQSPtijRbq74QhXKkZD2wnJ3qslr1M/NcLAp469ha8vPkqaddr2K3hu4tKo55fVQLH4ARUAQZXoAFuQRO0QAg+wRcswCJ8hW/wHX78tK7BPHME/gDOvwGIk6Hd</latexit>
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A1X1  Nb1, TX1 = 0

Power flow constraints + voltage constraints
battery constraints

Michael Sankur, K. Brady, E.L. Ratnam, A. von Meier - ENERGISE, and ANU PhD Wilhiam de Carvalho extending the work
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P1, Q1
<latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit>

P2, Q2
<latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit>

P3, Q3
<latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit>

Local Layer: Phasor Tracking

1. Follow S-PBC reference 
2. Disturbance rejection
3. Model free

Approach
• PI control - with offline tuning 
• Retrospective Cost Adaptive Control (RCAC) 

|V6|
<latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit><latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit><latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit><latexit sha1_base64="e/AA02iqDCQ4PF8vp17hari94Qc=">AAABoHicbY9PS8NAEMUn9V+NVePZS7AInuLGi1fBi8cKpi00sexupnXpbhJ2N4US+gW8evKj+W1MYw7a+mDg8XszMI8VUhhLyJfT2ds/ODzqHrsnPff07NzrDU1eao4Rz2Wux4walCLDyAorcVxopIpJHLHF4yYfLVEbkWcvdlVgoug8EzPBqa3RYOr1SUAa+bsmbE0fWk29zzjNeakws1xSYyYhKWxSUW0Fl7h249JgQfmCznFS24wqNEnVvLn2r2uS+rNc15NZv6G/LyqqjFkpVm8qat/MdraB/2aMqbVbVwm3H981w7sgJEH4TKALl3AFNxDCPTzAEwwgAg4pvMOHc+tETvxTueO03S/gj5zXbzJmc10=</latexit><latexit sha1_base64="Mekypd/PvrEi5ramwJgwbd0aOE8=">AAABqHicbY9fSwJBFMXv2j8zK+u1lyUJepKZoHwNeunRoFVhlWVmvNrgzM4yMxuI+hl6zY/Wt2ndfCjtwIXD79wL9/BMSecJ+Qoqe/sHh0fV49pJ/fTsvHFR7zqTW4GRMMrYPmcOlUwx8tIr7GcWmeYKe3z6tM5772idNOmrn2U41GySyrEUzBcoWnSTh0XSaJIWKRXuGroxTdiokzRWg5ERucbUC8WciynJ/HDOrJdC4bI2yB1mTEzZBOPCpkyjG87LZ5fhTUFG4djYYlIflvT3xZxp52aaF5ua+Te3na3hvxnnelkrutDtz3dN965FSYu+EKjCFVzDLVBowyM8QwciECDhAz5hFdwHccB/WleCTf1L+KNg9A3Mc3Zd</latexit><latexit sha1_base64="Mekypd/PvrEi5ramwJgwbd0aOE8=">AAABqHicbY9fSwJBFMXv2j8zK+u1lyUJepKZoHwNeunRoFVhlWVmvNrgzM4yMxuI+hl6zY/Wt2ndfCjtwIXD79wL9/BMSecJ+Qoqe/sHh0fV49pJ/fTsvHFR7zqTW4GRMMrYPmcOlUwx8tIr7GcWmeYKe3z6tM5772idNOmrn2U41GySyrEUzBcoWnSTh0XSaJIWKRXuGroxTdiokzRWg5ERucbUC8WciynJ/HDOrJdC4bI2yB1mTEzZBOPCpkyjG87LZ5fhTUFG4djYYlIflvT3xZxp52aaF5ua+Te3na3hvxnnelkrutDtz3dN965FSYu+EKjCFVzDLVBowyM8QwciECDhAz5hFdwHccB/WleCTf1L+KNg9A3Mc3Zd</latexit><latexit sha1_base64="pFs3m2gRwjBzCIkZwOFLBODgHjY=">AAABs3icbU9NS8NAFHxbv2r9qnr0EiyCp7ApWK8FLx4rmLTQhrC7ea1Ld5OQ3Qil7W/wan+a/8a05qCtAw+GmXkwwzMljaX0i9T29g8Oj+rHjZPTs/OL5uVVYNIiF+iLVKX5gDODSiboW2kVDrIcmeYK+3z6tPb775gbmSavdpZhqNkkkWMpmC0lfxFEnUXUbFGXbuDsEq8iLajQi5qrUZyKQmNihWLGDD2a2XDOciuFwmVjVBjMmJiyCQ5LmjCNJpxvyi6du1KJnXGal5dYZ6P+/pgzbcxM8zKpmX0z295a/NfjXC8b5RZvu/kuCdquR13vhba67WpVHW7gFu7Bg0fowjP0wAcBEj7gE1bkgQwJJ/FPtEaqn2v4A6K/Ae/xd2c=</latexit><latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit><latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit><latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit><latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit><latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit><latexit sha1_base64="eRQru+wsGIWvLDTp9yFnNapUvp0=">AAABs3icbU9NS8NAFHxbv2r8qnr0EiyCp5AUP64FLx4rmLSQhrK7ea1Ld5OQ3Qil7W/wan+a/8Y05qCtAw+GmXkwwzIptHHdL9LY2d3bP2geWkfHJ6dnrfOLQKdFztHnqUzzAaMapUjQN8JIHGQ5UsUk9tn0ae333zHXIk1ezSzDSNFJIsaCU1NK/iIYPSxGrbbruBXsbeLVpA01eqPWahinvFCYGC6p1qHnZiaa09wILnFpDQuNGeVTOsGwpAlVqKN5VXZp35RKbI/TvLzE2JX6+2NOldYzxcqkouZNb3pr8V+PMbW0yi3eZvNtEnQcz3W8l7t2t1OvasIVXMMtePAIXXiGHvjAQcAHfMKK3JOQMBL/RBuk/rmEPyDqG/Exd2s=</latexit>
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RCAC controller

Phasor-Based Adaptive Control of a Test-Feeder Distribution Network: Application of Retrospective Cost Adaptive Control to the 
IEEE 13-Node Test Feeder, SAU Islam, EL Ratman, A Goel, DS Bernstein,  IEEE Control Systems Magazine 39 (4), 56 - 74

Retrospective Cost Adaptive Controller
“Model Free,” reference following, 
disturbance rejection
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Texas: February 2021
 
An extreme cold weather event resulted in power a power outage 
disaster throughout the state. Consequently,

• Some Texans received bills of $USD 5000, 
or more for 5 days of power



Motivated by Texas: February 2021

We propose a transactive energy system to guarantee that the price for 
electricity at a competitive equilibrium is always socially acceptable. 



Motivated by Texas: February 2021

• Aim to reduce customer bills (when 
customers are prosumers)

• Satisfy thermal comfort of users

• Guarantee the price for electricity never 
exceeds an affordable price threshold, 
even during extreme weather events

We propose a transactive energy system to guarantee that the price for 
electricity at a competitive equilibrium is always socially acceptable. 
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<latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit><latexit sha1_base64="Y3yZY8dWD16UxfkmboiRXWOo71s=">AAACMHicbZDLSsNAFIYn9VbrLepSF4NFcFWSIuiy4MZlBXuBppTJ9KQdOpmEmYlQ0m58Grf2aXQlbn0HwWmahb38MPDznXM4Z34/5kxpx/m0ClvbO7t7xf3SweHR8Yl9etZUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhhXm+9gFQsEs96HEM3JAPBAkaJNqhnX06avdR1phPsETHggL0+cE0yhnt22ak4mfC6cXNTRrnqPfvX60c0CUFoyolSHdeJdTclUjPKYVryEgUxoSMygI6xgoSgumn2iym+NqSPg0iaJzTO6P+JlIRKjUPfdIZED9VqbQ431TqJDu67KRNxokHQxaIg4VhHeB4J7jMJVPOxMYRKZm7FdEgkodoEt/GCJej74bSUyeTlrqazbprViutU3Kfbcq2aJ1dEF+gK3SAX3aEaekR11EAUvaI39I5m1sz6sL6s70VrwcpnztGSrJ8/6FOn6Q==</latexit>

P1, Q1
<latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit><latexit sha1_base64="upmSgJuefJHqLda3b6H2EHB5XfQ=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXRZcOOyBfuAdhgyadqGJpkhyQhl6E+4tV/jTty68WME0+ks7ONA4HDOvdyTE8acaeO6P05hZ3dv/6B4WDo6Pjk9K59ftHWUKEJbJOKR6oZYU84kbRlmOO3GimIRctoJJ08Lv/NKlWaRfDHTmPoCjyQbMoKNlbqNwLtDzcALyhW36mZAm8TLSQVyNILyb38QkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfZnln6MYqAzSMlH3SoEz9v5FiofVUhHZSYDPW695C3Ob1EjN89FMm48RQSZaHhglHJkKLz6MBU5QYPrUEE8VsVkTGWGFibEVbE6yIYShmpQy2L2+9nU3SrlU9t+o17yv1Wt5cEa7gGm7BgweowzM0oAUEOLzBO8ydufPhfDpfy9GCk+9cwgqc7z/HPZ8W</latexit>

P2, Q2
<latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit><latexit sha1_base64="jl6myEizcFLapBnqDsVifxl1zJY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkoSBF0W3LhswT6gDWEynbRDZ5IwMxFK6E+4tV/jTty68WMEp2kW9nFg4HDOvdwzJ0g4U9q2f6zSzu7e/kH5sHJ0fHJ6Vj2/6Kg4lYS2Scxj2QuwopxFtK2Z5rSXSIpFwGk3mDwt/O4rlYrF0YueJtQTeBSxkBGsjdRr+u4davmuX63ZdTsH2iROQWpQoOlXfwfDmKSCRppwrFTfsRPtZVhqRjidVQapogkmEzyifUMjLKjysjzvDN0YZYjCWJoXaZSr/zcyLJSaisBMCqzHat1biNu8fqrDRy9jUZJqGpHloTDlSMdo8Xk0ZJISzaeGYCKZyYrIGEtMtKloa4IVMQjErJLD9OWst7NJOm7dsetO677WcIvmynAF13ALDjxAA56hCW0gwOEN3mFuza0P69P6Wo6WrGLnElZgff8ByqCfGA==</latexit>

P3, Q3
<latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit><latexit sha1_base64="N3KlLGgNgf3kNClKce2cUp54IEY=">AAACGnicbVDLSsNAFL2pr1pfVZduBovgQkrSCrosuHHZgn1AG8JkOmmHziRhZiKU0J9wa7/Gnbh148cITtMs7OPAwOGce7lnjh9zprRt/1iFnd29/YPiYeno+OT0rHx+0VFRIgltk4hHsudjRTkLaVszzWkvlhQLn9OuP3la+N1XKhWLwhc9jakr8ChkASNYG6nX9Op3qOXVvXLFrtoZ0CZxclKBHE2v/DsYRiQRNNSEY6X6jh1rN8VSM8LprDRIFI0xmeAR7RsaYkGVm2Z5Z+jGKEMURNK8UKNM/b+RYqHUVPhmUmA9VuveQtzm9RMdPLopC+NE05AsDwUJRzpCi8+jIZOUaD41BBPJTFZExlhiok1FWxOsiL4vZqUMpi9nvZ1N0qlVHbvqtO4rjVreXBGu4BpuwYEHaMAzNKENBDi8wTvMrbn1YX1aX8vRgpXvXMIKrO8/zgOfGg==</latexit>�!
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1. A single residential system

2. Coordinated residential systems

3. New Control Paradigms
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Coordinate EV Charging with V2G
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charging and discharging control of electric vehicles to manage supply voltages in distribution networks: Assessing the customer 
benefit, Applied Energy, Vol 291, 2021

2. What about the supply voltages?

Without RHO: Departure time SOC is not met in all cases, 
With RHO: All EVs attain their target SoC ahead of the departure time 



Coordinate EV Charging with V2G

Nanduni I. Nimalsiri, Elizabeth L. Ratnam, Chathurika P. Mediwaththe, David B. Smith, Saman K. Halgamuge, Coordinated 
charging and discharging control of electric vehicles to manage supply voltages in distribution networks: Assessing the customer 
benefit, Applied Energy, Vol 291, 2021

2. What about the supply voltages?

Uncoordinated
Price-based Charge
Price-based V2G
Network-based Charge
Network-based V2G

V2G Profits: Price-based higher 
                     than network-aware




