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Background: Compensation Theory
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Step 1: Extract Differential Synchrophasors
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Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown)Forward

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Forward Ὧ: Event Bus (Unknown)

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Forward Ὧ: Event Bus (Unknown)

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Pseudo-Measurements

Forward Ὧ: Event Bus (Unknown)

(Feeder Data, Transformer Ratings)

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Forward Ὧ: Event Bus (Unknown)

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Forward

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ЎὍ ὤ

Event Current (Unknown)

Ὧ: Event Bus (Unknown)

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Forward

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὣЎὠ ὤ

Incorrect

Ὧ: Event Bus (Unknown)

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Forward

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὣЎὠ ὤ

Ὧ: Event Bus (Unknown)

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

ể

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 2: Forward Nodal Voltage Calculation

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Forward

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὣЎὠ ὤ

Ὧ: Event Bus (Unknown)

I

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

ể

6 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 3: Backward Nodal Voltage Calculation

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown) Backward

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

7 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 3: Backward Nodal Voltage Calculation

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown) Backward

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

7 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 3: Backward Nodal Voltage Calculation

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown) Backward

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

7 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 3: Backward Nodal Voltage Calculation

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown) Backward

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

7 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 3: Backward Nodal Voltage Calculation

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown) Backward

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ЎὍὤ

Event Current (Unknown)

7 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 3: Backward Nodal Voltage Calculation

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown) Backward

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὣЎὠ ὤ

Incorrect

7 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 3: Backward Nodal Voltage Calculation

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown) Backward

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὣЎὠ ὤ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣЎὠ ὤ

ể

7 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 3: Backward Nodal Voltage Calculation

Y1

Z1 Zn-1

æIk

æVnæVk

|V
d
|   V

d

|I
d
|    I

d
Z

u  Z
d

æV2 æVn-1æV1

   æI1 

Y2

 æI2

Yk

 æIk

Yn-1

æIn-1

Yn

æIn

Downstream

 

 

|V
u
|   V

u

|I
u
|    I

u
 

 

Upstream

Zk-1
æVk-1

  æIk-1

Zk
æVk+1

 æIk+1

Ὧ: Event Bus (Unknown) Backward

II

Ўὠ Ўὠ ЎὍ ὣЎὠ ὤ

ể

Ўὠ Ўὠ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὤ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣ Ўὠ ὣЎὠ ὤ

Ўὠ Ўὠ ЎὍ ὣЎὠ Ễ ὣЎὠ ὤ

ể

7 / 14



Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Step 4: Event Location Identification
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Simulation Results
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Hamed Mohsenian-Rad Event Location Identification Using Micro-PMU Data UC Riverside

Importance of Measuring Phase Angle

ὠ

ὠ
Ўὠ



Case A: Small 

Case B: Large 
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Case Study: (Remote) Asset Monitoring

Three-Phase Switched Capacitor Bank

Rating: 3 x 300 kVAR= 900 kVAR

Volt/VAR Control

Onsite Switch On / Switch Off Controller

No Monitoring
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Case Study: (Remote) Asset Monitoring

Typical Issues:

Unbalanced Operation (Fuses) Switching Operation (Controllers)1 2
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Typical Issues:

Unbalanced Operation (Fuses) Switching Operation (Controllers)1 2

Remote Monitoring?
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Case Study: (Remote) Asset Monitoring

Switch Off Event

(Micro-PMU 1)

Detection & 
Classification
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