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Data-Driven Smart Grid Research
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Data-Driven Smart Grid Research
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— Our Focus: Some Recent Updates!
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Common Domain Data: Power
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Common Domain Data: Voltage and [Maybe] Current

Substation
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Phasor Measurements - PMUS

v(t) = |V]cos(wt + 2V)
V|2V

~ 17 '

]

e

2 o ~
3 >
sl _ l

Phasor Representation

A

0 0.0167 0.0333 0.05 0.0667 0.0833 0.1
Time (sec)

L Sensor: Phasor Measurement Unit (PMU)

FFT —» Fundamental Component

UC Riverside 5/38

Frontiers in Smart Grid Data Availability

H. Mohsenian-Rad, Ph.D.



Phasor Measurements - PMUS

v(t) = |V]cos(wt + 2V)

WY - —<

Phasor Representation

0.0167 0.0333 0.05 0.0667 0.0833 0.1
Time (sec) A

Synchro

L Sensor: Phasor Measurement Unit (PMU)

FFT —» Fundamental Component

Voltage (p.u.)

Time
Reference @}’

GPS Satellites

UC Riverside 5/38

Frontiers in Smart Grid Data Availability

H. Mohsenian-Rad, Ph.D.



Phasor Measurements - PMUS
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Phasor Measurements - PMUS
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Phasor Measurements - PMUS
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Phasor Measurements - PMUS

180

160

Event Signature
140

<1201, —— Current (I)
G
5 100 —— Voltage (V)
80
o Phase A
40 ' ' : :
0 4 8 12 16 20 24

Time (Hour)

Micro-PMU
(Riverside, CA)

H. Mohsenian-Rad, Ph.D. Frontiers in Smart Grid Data Availability UC Riverside 7 /38



Phasor Measurements - PMUS

180
160 o
Event Signature
140

120 | —— Current (I)

—— Voltage (V)

Current (A)

Phase A

0 4 8 12 16 20 24
Time (Hour)

Micro-PMU
(Riverside, CA)

H. Mohsenian-Rad, Ph.D. Frontiers in Smart Grid Data Availability UC Riverside 7 /38



Phasor Measurements - PMUS
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Phasor Measurements - PMUS
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Phasor Measurements - PMUS
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Phasor Measurements - PMUS

Example:
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Phasor Measurements - PMUS

« Example Application: Event Classification

 Class 1: Transmission-Level Class 2: Distribution-Level

« Class A: Sustained Change Class B: Momentary Oscillation

* Class I: Grid Equipment Class II: Customer Devices
— Class I-a: Transformer Class ll-a: HVAC Load
— Class I-b: Capacitor Bank Class ll-b: DER / PV

» Class X: Benign Class Y: Fault or Incipient Failure
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Phasor Measurements - PMUS

« PMU Data Analytics Package

— Event Detection

. Supervised Learning
— Event Classification

Unsupervised Learning

— Event Location Identification .
Graph Learning

— Event-based State Estimation Hybrid Model-Based

Event-based Asset Monitoring

Event-based Model Validation

* [31](32][4][88][10][21][26][94]
13][98][6][100][102][103][104] https://www.ece.ucr.edu/~hamed
115][106][107][108][112][90][34]
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Beyond PMUs

* Q:What is the next technology, beyond PMUs and synchro-phasors?

*  Q:Why should we limit ourselves to fundamental phasors?
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Beyond PMUs

* Q:What is the next technology, beyond PMUs and synchro-phasors?

*  Q:Why should we limit ourselves to fundamental phasors?

 New Frontier / New Concepts:

H-PMUs

WMUSs

Probing Devices
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H-PMUs

*  Q:Why should we limit ourselves to fundamental phasors?

— H-PMU: Harmonic Phasor Measurement Unit

— It is a New Concept (Harmonic Synchro-Phasors)

— It can report harmonic phasor measurements

Time Reference

Fundamental Phasor + 3" Harmonic Phasor + 5" Harmonic Phasor

H. Mohsenian-Rad, Ph.D. Frontiers in Smart Grid Data Availability UC Riverside 12/38



H-PMUs

* Note: We cannot report all harmonic orders!

« Typical Settings:

The 3rd harmonic; the 5th harmonic; and the 7th harmonic.

| The most dominant harmonic: the second most dominant
harmonic; and the third most dominant harmonic.

« They are the same in many cases.

H. Mohsenian-Rad, Ph.D. Frontiers in Smart Grid Data Availability UC Riverside 13/38



 Example: Phasor Measurements During an Event
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H-PMUs

* Q: What was the waveform of the event in the last example?
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H-PMUs

* Q: What was the waveform of the event in the last example?
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H-PMUs

* Q: What was the waveform of the event in the last example?
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H-PMUs

* Q: What was the waveform of the event in the last example?
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H-PMUs

* Q: What was the waveform of the event in the last example?
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*  Q: Why don’t we measure the waveform itself?

—— WMU: Waveform Measurement Unit

— It is a New Concept (Synchro-Waveforms)

— It can report the raw waveform measurement samples
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*  Q: Why don’t we measure the waveform itself?

—— WMU: Waveform Measurement Unit

— It is a New Concept (Synchro-Waveforms)

— It can report the raw waveform measurement samples

« WMU is a generic term. The actual sensor might be called:
* Power Quality Meter
* Point-on-Wave (POW) Sensor (As long as they are time-synchronized)

» Digital Fault Recorder (DFR)
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 Two Concepts:
Synchro-Phasors = Phasors + Time Synchronization

Synchro-Waveforms = Waveforms + Time Synchronization

PMU GPS Antenna WMU GPS Antenna

H. Mohsenian-Rad, Ph.D. Frontiers in Smart Grid Data Availability UC Riverside 18/38



« Example: Voltage Sag
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« Looking at voltage waveform is not necessary in this example.
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WMUSs

 Example: Fault
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« Example: Resonance
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* We do not notice the resonance in the phasors.
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 Example: Synchro-Waveforms (Fault):
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 Example: Synchro-Waveforms (Another Fault):

500 T T T T T 500
250 250
> >
() ()
g ° g °
S S
-250 - | -250 |
_500 1 1 1 1 Il _500 1 1 1 1 1
19.52 19.54 19.56 19.58 19.6 19.62 19.64 19.52 19.54 19.56 19.58 19.6 19.62 19.64
Time (sec) Time (sec)

Time Synchronized

« The two locations experienced similar signatures.
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 Example: Synchro-Waveforms (Resonance):

500
M) ) A
[\ | B
250\ | | ’ c
o | °
o 0f
g [ g
2 | [ | /| S
250 S O R n
\ \ |/ (L \ \ \ a0k v v \/
_500 1 1 1 1 _15 1 1 1 1
37.98 38 38.02 38.04 38.06 38.08 37.98 37.99 38 38.01 38.02 38.03
Time (sec) Time (sec)

Time Synchronized

Another Location

(Also, Different Voltage Level)
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WMUSs

 Example: Synchro-Waveforms (Resonance):

500 T T T T
A 7 A A
/ / “‘\ N‘ “‘f \ B
250 F [ ‘\ / cl4
S
c [
(0] / |
(o) 0H | 5
g TV w
= ‘ I
-250 \ ] :
\ \ )
\/ \ \
_500 1 1 1 1 _15 1 1 1 1
37.98 38 38.02 38.04 38.06 38.08 37.98 37.99 38 38.01 38.02 38.03
Time (sec) Time (sec)

Time Synchronized
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WMUSs

 Example: Synchro-Waveforms (Resonance):

500

250 -

Voltage (V)
o
Voltage (kV)

-250

15

-500 1 L 1 L - 1 L 1 L
37.98 38 38.02 38.04 38.06 38.08 37.98 37.99 38 38.01 38.02 38.03
Time (sec) Time (sec)
WMU 1 ¢ > WMU 3

Time Synchronized

« WMUSs observe the same physical phenomena at different locations.

- Synchro-Waveform Situational Awareness

- Covering Various Event Signatures (Sub-Cycle, Few-Cycle, etc.)

H. Mohsenian-Rad, Ph.D. Frontiers in Smart Grid Data Availability UC Riverside 24/38



WMUSs

 Example Waveform Signature:

. =
> o
o O
5 (an)
Lightning g £
<L r—
Q i
g —
S o,
-200 ‘ \
0 0.0167 0.0333 0.05
Time (sec)
200 T T
=
100 (@)
~ O
3 % m
Notching 2 0 c
g —
(o))
-100 o
&N
-200 | | 1
0 0.0167 0.0333 0.0500 0.0667

Time (sec)
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« Example Waveform Signatures (Equipment Issues):

20 T T (al) T T 20 T T T T (b) T
S 0 S 0 o
S S 3
S 3 10 \lepulses -

20 -20 | . ) | | ,:.

6 T T T 6 1 T T T D
~ Self-Cleared —~ 4 | . N
< 3} K 1 <) | <—Breaker ] —
f—3 ~ 1
= = -2 1 N
=) _3 L i > | e
O O 4 i

-6 : : : : : -6 e

0 0.0167 0.0333 0.05 0.0667 0.0833 0.1 0 0.05 0.10 0.15
Time (sec) Time (sec)

Self-Clearing and Breaker-Clearing Faults in Cables
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« Example Waveform Signatures (Equipment Issues):

(a)

= N w
o o o
T T
| |

Voltage (kV)
o
T
|

10
. 20 - e
Self-Clearing w1 | N O I O 3
. 0 0.05 0.1 0.15 0.2 0.25 an

FaUIt in Time (sec) (-
TranSformer 2 T T T T T T T (b) T T T T T T T 8
AN

N,

-2 | | | | 1 | | | | | |
0 0.05 0.1 0.15 0.2 0.25
Time (sec)
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WMUSs

« Example Waveform Signatures (Equipment Issues):

(a)

3 T T T T

s

=

(0]

(o))

S

Q.
Y
: (@]
Capacitor , | | | | o
B k 0 0.0167 0.0333 0.05 0.0667 0.0833 an]
an .

Time (sec) C
witchin —
Switching 2 ) —
T T T T N
»‘ ‘« D,lBefore 0After»H« ﬁ

<

=

€

o

5

(@]

<-Phase A
2 I I I I
0 0.0167 0.0333 0.05 0.0667 0.0833

Time (sec)
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WMUSs

« Synchronized Lissajous Graphs:

Location 1 / WMU 1 Lissajous Graph

vy (£),141(t)

— |Image Processing

Location 2 / WMU 2

() (t)r i2 (t)

v(t) = v1(t) — v2(t)

() =iy (8) — iz (1)

Credit: Milad lzadi
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WMUSs

« Synchronized Lissajous Graphs:

a b ©
0.05 (a) 0.05 (b) 0.05 (©)
— 0.025 0.025 0.025
0 0 0
= 0.025 -0.025 -0.025
-0.05 -0.05 -0.05
012 006 0 006  0.12 012 -0.06 0 006 0.12 012 006 0 006 012
d (e f
0.05 (d) 0.05 ) 0.05 ®)
— 0.025 0.025 0.025
7 0 0 0
= 0.025 -0.025 -0.025
-0.05 -0.05 -0.05 ©
012 006 0 006  0.12 012 -0.06 0 006 0.12 012 006 0 006 012 )
N
h i
0.05 (&) 0.05 M) 0.05 (0 O
7 8 9 o
— 0.025 0.025 0.025 i
7 0 0 0 ..
— o
st S —
£ 0025 0,025 0.025 E
|
-0.05 -0.05 -0.05 @)
012 006 0 006  0.12 012 -0.06 0 006 0.12 012 006 0 006 012
i (t) —ialt) iy (f) —ialt) iy (t) —da(t)
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WMUSs

« Synchronized Lissajous Graphs:

Event Cycles

~

J

0.05 () 0.05 (b) 0.05 ©)
1 2 3
— 0.025 0.025 0.025
T 0 0 0
? -0.025 -0.025 -0.025
-0.05 -0.05 -0.05
-012 006 0 0.06 0.12 012 -006 0 0.06 012 012 -006 0 006 012
0.05 @ 0.05 (¢) 0.05 ®)
4 5 6
— 0.025 0.025 0.025
i 0 0 0
:_:;. -0.025 -0.025 -0.025
-0.05 -0.05 -0.05
-012 006 0 0.06 0.12 012 -006 0 0.06 012 012 -006 0 006 012
0.05 (g) 0.05 M) 0.05 ()
7 8 9
— 0.025 0.025 0.025
T 0 m 0 0
r_:: -0.025 -0.025 -0.025
-0.05 -0.05 -0.05
-012 -006 0 006 0.12 012 -006 0 0.06 012 012 -006 0 006 012

i1 (t) — ia(t)

ir(t) — iz (f)

iy (t) —ia(t)

Milad lzadi

t

i

Cred

UC Riverside
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 Field Installation:

Single-Phase (120 V)

Three-Phase (12.47 kV) Three-Phase (480 V)
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« Comparison with SCADA:

High-Resolution SCADA: 3x60x60x24 = 86,400 Reading / Day

Continuous WMU: 3x256x60x60x60x24 = 3,981,312,000 Reading / Day
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« Comparison with SCADA:

High-Resolution SCADA: 3x60x60x24 = 86,400 Reading / Day

Continuous WMU: 3x256x60x60x60x24 = 3,981,312,000 Reading / Day

loud
code’ graph hl statistic

data set v|rtua|

mmmmmmmmmmmmm

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

global:
info extractmg s"al'mu (,,T:flllsé"ﬁ"i'"hh tBi}hHU na’;‘, "stp't::g:lncpé—u!mem!‘

................ binary netwnrk cyher
analyzedata trendssecun!tly datahas y

f'nance mputing

nnnnnnnnnnnnnn
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H-PMUs and WMUS

« H-PMU and WMU Data Analytics Packages

—— Even Detection
— Event Classification
—— Event Location Identification

— Incipient (Early-Stage) Faults —» Asset Health, Wildfire Detection, ...

—— Harmonic & Transient State Estimation
—— Harmonic & Transient Model Validation

—— Topology Identification

* [2][3][8][9][12][27][89][86][93][96][113] https://www.ece.ucr.edu/~hamed
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* Q: Can we actively create opportunities to learn about the system?

— Probing: Perturbing the System to Learn about it

— It is NOT New Concept but Gaining Attention Recently

— |t can be done by a wide range of probing devices

Sensing — Passive Monitoring

Probing + Sensing —— Active Monitoring
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Example: Creating “Events” by switching PV Inverter:

90 T (al) T
<60t j
Current: B
5:80 PM 5:30 PM 6:00I PM 6:30I PM 7:00 PM

Inverter

H. Mohsenian-Rad, Ph.D.
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« Example: Creating “Events” by switching PV Inverter:

/7 Normal
90 T (al) T === =a | =

Current:

Current (A)

1 1
5:00 PM 5:30 PM 6:00 PM 6:30 PM 7:00 PM

Inverter
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Example: Creating “Events” by switching PV Inverter:

60

—  HInndy

5:00 PM 5:30 PM 6:00 PM

/7 Not Normal (Probing)
90 (?) . T

Current (A)

o

6:30 PM 7:00 PM

Inverter
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Example: Creating “Events” by switching PV Inverter:

20 . (7) .
Production
Teof ¢ Curtailment |
Current: £
S 1 H H ]>
5:80 PM 5:30 PM ezool PM 6:30I PM

7:00 PM

Inverter
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« Example: Creating “Events” by switching PV Inverter:

(a)

90 T T T
Production
Teof 1 3 ¢ Curtailment |
Current: £
S 301 .
0 2 1 1
5:00 PM 5:30 PM 6:00 PM 6:30 PM 7:00 PM
Inverter
292 : (l?)

Voltage:

Voltage (V)

1 1 1
5:00 PM 5:30 PM 6:00 PM 6:30 PM 7:00 PM
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Example: Creating “Events” by switching PV Inverter:

90 . (@) ;
Production
Teof 1 3 ¢ Curtailment |
Current: £
S 30+ .
0 2 1 1
5:00 PM 5:30 PM 6:00 PM 6:30 PM 7:00 PM
Inverter
292 . (b) .
S 290
0 (0]
Voltage: E
S 288
286 1 1 1
5:00 PM 5:30 PM 6:00 PM 6:30 PM 7:00 PM
Time
Outcome

— Model-Free Assessment of Inverter’s Impact on Voltage

H. Mohsenian-Rad, Ph.D.
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Example: One can also create a “probing signal”:

Credit: Zong-Jhen Ye

Controllable Load
(Heater)

ool

\> Measuring Voltage

Current

GridSweep
. . Probing Device
Single-Phase Single-Phase
Sensor Device Probing Device (McEachern Lab)

(DoE Funded Project)
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Example: One can also create a modulated probing signal:

200 T T T T T T T T T 200
150 150 m
100 100 H
50§ 50 |
o
g ° 0 w
o
>

0

100 ]

-100 w
-150 -150
_200 L 1 1 1 1 1 1 L 1 _200 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (Min) Time (Min)

Probing Frequency: 5.2 Hz Probing Frequency: 9.2 Hz
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« Example: One can also create a modulated probing signal:
200 200
18or  Positive Cycles 180t Positive Cycles
o] o]
% o] % o]
S s,

60

40 40

20 20
0

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (Min)

Time (Min)

Probing Frequency: 5.2 Hz Probing Frequency: 9.2 Hz
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« Example: One can also create a modulated probing signal:

200 T T T T \ T T T T 200
10 Positive Cycles — Zooming In 1 10r  Positive Cycles — Zooming In
180 - 1 180 -
170 - q 170 -
o | . |
S ol | ol |
ool I |
ol T |
ol T |
o] | |
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (Min) Time (Min)
Probing Frequency: 5.2 Hz Probing Frequency: 9.2 Hz
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Probing

Example: One can also create a modulated probing signal:

UC Riverside GridSweep data - 2022-10-01 00:15 UTC to 2022-10-01 21:00 UTC
S/N GS0011: 15-minute Vector Mean, with McEachern Filter, 1 min sliding - 4.0Hz~40.0Hz - Full scale Autorange

Heat Map (Strength of Signals)

30.0

a
3
o

w
g &
o

Amplitude Modulation MAGNITUDE (Parts Per Million of 120V)

8
o>

Alex McEachern

(GridSweep, McEachern Lab)

W

t

Amplitude Modulation FREQUENCY (Hertz)
o

5
°

15.0-

Cred

2
S

10.0- s ————— — T
505 e P s = = e
" o o P n " 'n P P o o o o s a
@ & S o AN M =1 = @ r 3 - S - A m
g b3 ] ] ; & g e s g g g g g = 5 4
o o o o S P = 2 = 2 a 2 a a a a a
A 2 2 A a a 2 g 2 g g s g 3 g 3 3
@ a & o & P 3 3 3 3 3 2 3 3 3 2 a
g 3 2 3 g 3 S S ] ] g S S S S ] S

. Local DATE AND TIME (UTC-7)
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» Power Line Communications (PLC) is also a “probing tool”;

(@) |
I Daage
Coupler [—| ] — Coupler | Transmitter | ’ Power Line | Receiver
? g Power Line Cable . I I N N . @
L€ 5 ¥ |
Pc |8 $| pLC : ;I N
Modem |+ Modem I > > > @ o
N N N O
(b) | > > ® E
. | —> —> - - r'\\l
Power Line I N N 5 @ <
I S LN N
! —— < ]
Transceiver | |_’—+|
| ’ ’ — ©
|
|
Power Line Communication ! Application: Power Cable Monitoring
|
|

Credit: Lehmann, et al. 2016
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Further Reading

* New Textbook Cambridge University Press
SMART April 2022

348 Pages
G RI D 120 Examples

150 Exercise Questions
SENSURS Solutions Manual

Principles and Applications Instructional Slides

Hamed Mohsenian-Rad

 Ch 1: Background

« Ch 2: Voltage and Current Measurements and Their Applications

« Ch 3: Phasor and Synchrophasor Measurements and Their Applications
 Ch 4: Waveform and Power Quality Measurements and Their Applications
 Ch 5: Power and Energy Measurements and Their Applications

« Ch 6: Probing and Its Applications

« Ch 7: Other Sensors and Off-Domain Measurements and Their Applications
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Thank Youl!

Hamed Mohsenian-Rad, Ph.D., IEEE Fellow
Professor and Bourns Family Faculty Fellow
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Associate Director, Winston Chung Global Energy Center
E-mail: hamed@ece.ucr.edu
Homepage: www.ece.ucr.edu/~hamed
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