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The smart grid was initially developed to facilitate communication between operators of the electric power system (such as
power generation companies and transmission system operators) and consumers within the distribution network. To
implement the smart grid paradigm, time-synchronized measurement devices were developed and introduced into the
electric power system. Phasor measurement units (PMUs) and waveform measurement units (WMUSs) were created for
wide-area transmission networks (at the high-voltage layer), while micro-PMUs were introduced for real-time state
estimation in distribution networks (at the low-voltage layer). These time-synchronized measurement devices allow power
system operators to monitor the operational status of power generation, transmission, and distribution infrastructure in real
time. In particular, data-driven applications utilizing the measurement data can intelligentize and advance the monitoring,
operation, and control of the smart grid. The capabilities of digitized high-resolution measurement and time-synchronization
are the key factors that enable these contributions to the smart grid. This paper provides an introduction to time-
synchronized measurement devices, outlines their specific capabilities, and explores the data-driven applications that can be
implemented for advanced smart grid monitoring systems.
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Fig. 1 Time-synchronized measurement devices in smart grid; phasor measurement unit, waveform measurement unit, micro-PMU
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Table 1 Capabilities and data-driven applications of the time-synchronized measurement devices

Installation
voltage level

Measurement capability

Device (sampling rate)

Data-driven applications

High

PMU (Transmission)

Voltage/current phasor, frequency
(30-120/sec. for £, = 60 Hz)

- Measurement based state estimation

- Event detection & classification & location
- Dynamic stability monitoring and prediction
- Model validation, calibration, and extraction
- Real-time control & protection

High
(Transmission)

WMU Voltage/current waveform

(over 1,500/sec. for f, = 60 Hz)

- Event detection & classification & location

- Monitoring of sub- and super-synchronous oscillations

- Analysis of power electronics devices and inverter-based resources
- Harmonic analysis

Micro-PMU

(Distribution) (120/sec. for £, = 60 Hz)

Low Voltage/current phasor, frequency

- Measurement based state estimation

- Event detection & classification & location

- Identification of topology and phase imbalance
- Power quality analysis

- Physical and cyber security
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Fig. 2 Comparison of SCADA versus PMU recordings of the same
grid event; un-damped oscillations at a power plant [5]
(Adapted from Ref. 5 on the basis of OA)
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Table 2 Comparison of PMU and micro-PMU

PMU Micro-PMU
Precision (TVE) [4] (Adapted +10 40010
from Ref. 4 on the basis of OA) 1% £0.01%
Magnitude Resolution +0.1% +0.0002%
Angle Resolution +1° +0.001°

A5k WMUZE PMUE: £033] 5171 ofete Aol
= Qls) o e wlole s AAzko s AakElT
AR Awle] dolE] B4 83l A= <lsf 4
Agto] AZITk. B3 FoAo| AFYLE At 9lshA
Phasoralele] Hlolel7h 2757 u2ol, Wavefom %448
Phasor2 WH3slo] Z43l= PMU’} WMUXCL} G2t} o]
2 Q3] WMUE Ae] Hok Aot 53t o lE A2
AFHoR U] 15 B0 dLEL gris].

!
& 0

érIO_@o‘L
ol

o o iy

2.3 Micro-PMU

TAHQF Aol 7HA] 7]&L o=l 92 HIE 93| AlLL
2 vla) Wl A0l FEHoI, AT AT 7HA] Al
gl il Adnje) §AHS v]go] AR o s W] wFo] A
S ojF B g mAo] YEHo] k. s 2Rt 5F
2ol AYAA o7l 7R3 hE T, AR AAAY wET A7
Ape] F7tol| whet AAIZE v ZHA] Al2'le] daddo] 7t
3k Qi

ool wet W] ArlEke Ao A 9wt
Micro-PMU £771719] E=¢jo] A7|= it} Micro-PMUE 7]
< il AlE717100 57407 Synchrophasor 71&9] 7iEE =
dstel, GPSE Fafl F5E = o8 A2k 5713 sk3ict.
u)=+ DOEQ] X 3S}of|, University of California Berkeley,
CIEE(California Institute for Energy and Environment), PSL
(Power Sensors Ltd., @A+ Powerside A2 )= 2 AL
£ &3l 7129 PQ v|EE 743t Micro-PMU?I PQube3E A+
|3 AlFo2 FAI5H] = SFATHI).

2249l PMUQ} HjZY2] Micro-PMU= A|Z} 57|3HE
Phasor JHE SH3ch= HollA 7]1224Q1 HHo] FYslrt.
S 48 dhaol B 4w ajae] Kojo] ofs) 24
71719] 7)o I:Pﬂ-x E} AT 2 AH7)F FPoZ 2
S W

3’6 +3 1 '3< ]
FolIA el Hey e Ae] A
o] JTFS ‘?}%E]-. ] 2] Micro-PMU-= Table 29} Zo] PMU

A 4o] aFE. ol igko
Feeder, A1A1A AP QA A3 5 F8 A o] He
0] A= Ro] Aol

3. 58 Hlo|H 7|8 ADIE O2|= 2Y J|E

PMU, WMU, Micro-PMU+= H|o|E] 2] Sampling Rate”} 7]&
=7 golE Rt Y53 Lon, Azt B|3kE AA7F =4 A
= gk W WA, BaA, Aua o] AEAes

HHBRGTH AnkE TE|Se] BAo| glol, oloh 2L A7} %
715kl AAZE 24 AR Ay BUHY 1EsE 99 o
o 71312 AlgaAT). 3] ol mlold, ABAE 7|4t 2
o gole) 7 s4] 7ol meEwAL, |Ee] 24 7% o
A 71 BisfI HAIsls 7] eSol 23] s Foltk

PMUS9| 7-f- SCADA 7|3t} 343k thAsto] Alg-234t
9] AF3} 9lX|(Situational Awareness) 532 FAA|Z]= 70|
FEAOH1]. E3 ALl oHIEZ WEFS o, o] & WA
AEstal FHRE I A7 28 W 7ol A+
= ATH10,11]. o]of Elsto] PMU tlo|E €} QIFAlS 7&s &
Fafol, WA AT AL Aolske ¢ glol AE £
QS s $1T P (Stabilin)S B4k 7% ER
QA5 9leh12]

WMUE TsaEe] 24 94l
ol A, $Hel

fr

A A5 (Waveform)E A|3-3H =
A Xl%s% QYA BAdel Al
=l EEH ek A& Sof, A A = s =
A7 AAE A HolA A= DAske ATt S3E
(Sub-Synchronous Resonance, SSRY5-2 A|AH] o]zalo] B3]
2 of/|at 4 9l AloIT PMUS: Al28] Fle £, o]9lg)
i oEAZ Aol glow, SRt 2 Al BHE

w RS BEel] o FEHITL uhe) Hte sy Fe
AT Qg0 B AHE FAUOR T BAR $7 W
2 AXAYL AT WMUSY E4S FA8kaL 9ok, E3t

G4 A A 2~ 8](Flexible AC Transmission System, FACTS)JJ(
Sor wHEke] Qlulel AlsEE Zo] 1 A9 AAE
¥ /dH]9] Harmonic Analysisol= &-8-0] HEE I

)

o
aE

o>‘

PMUQF WMU®| Z-¢-, =2 AlZE9] &/A0] 7ol &
TE= SAGl A HER, £ HolH F3 EIF 84
PMU E= WMUO 2915 AE4 dlolE (reh, &=
2 Q3| 7|&o] 27K (False Alarm)7} A EIchA
A v ok T ot lzepd ESE o 4
otk wizol tlole ] =, A%, HY T HolE ¥
<o) WL o g AdYr|oof ith. PMU Hlo|g o] H$-,
9] v A (Non-stationary)S 113} Wavelet 242
=
Ll

A}
A

N

~

of.i
rzi Olﬂ

i) 3;0 _19.

€
7]

2 7

Al

ok glolg g=71Hol A= [13], o] IRk

—VL—OOFOM'—Q

o]

4l
H mhold 714 A8 thEAAY 9% V1%l AuEg
[14]. Eg dlo]e] noldt AFAs 714S Faske] NS
A HaEte AFAC, L, 24 5) PMU doleE 2
317] $lat 7140] A= QIEH15,16]. WMUS| 4, 4@t 3
Hlo] AZolmE 7JE ofnjx], &4 ATAE 7]%e] Hgol
7Rl

L& =

[e]
L
fns

=]
=
=
g



October 2024 / 739

Micro-PMUs= 8|4 o] o]
Fojstar ick. HpATe] SA4 34
s ] o mg
A9t Micro-PMU7} 2+ 2
B =43 A8 27 AL ZE AT sliAe] s ETH19,20].
E3F AAZE AlSsiAe FAPY o 48 8Eg-(Demand
Response) 5 | "AARAARLL 4u]2}e] F521Q olE &
A1 4= QITh3]. olof Tte], Micro-PMU9| =] o= Q13|
o] dlolg 7|9k oHIE HE/RXFH 7ol A8 Ths
SHAHA], v AB] {1/ Zg3tol| 7]ofskal lek21,22].

RHH R AR SRR A3} Al @A 712 A =
w2, APl 2] o] A|Lf v A 292 sAlol A = 3l
= ZAIY v A7 B2jA] 28l (Advanced Distribution Management
System, ADMS)2] Z=2]Ql g7} AlZ o] Qlct. 53] ADMS
oA, Al R|eE ol q &A1 A AHl(Energy  Storage
System, ESS)E FA 023t 7} A (Virtual Power Plant,
VPP)2] & $Jaf A= ICT 7]1&S o83t AAIZE glolg] 4=
A, FAlo] o]t o]2jgt 27104 Micro-PMUE HiZ A
9] Phasord}i 7|¥k HAAXE ZAAO1E 7HsEHA o=
ADMSO| AZ|&=E olil VPP Ae] S43kE =8k Tl
7198 = & A& 7|

2 =wollAl 270 471750 Akl dHlolHe e
Aldlo] algoleetal & 4= glon, WAl dolut QIFAlE
719 48 e r T gt f7F Ag Qe Ajde
Hetwh s vk Aljto] wEA|RE, BRHEoRe|w|A], 34, H]
e 5)et uR7IA R @ EAA HlolEE AlFste A 24
35 ERstE = FA o] AU itk I7HA] o=, w|=2]
ORNL (Oak Ridge National Laboratory)?} LLNL (Lawrence
Livermore National Laboratory)= DOE®] Z]1} A} o}eff g
o] 9 ZAA dlo|E]lE A= GESL (Grid Event Signature
Library)2 72:51ICH[23]. GESLE: ul2e] 7] A/S-g-edah/el
A2 HE] PMUS PT/CT (Waveform)S Z3F5t Hgdo] tekst
Al 9] dlolelE FgFetalaL, 8,5137H2] Event Tage} 917 AASH
4 9l BAEE AT Ak o)9} 2 gAYL vigom,
57471719] glolHE 7IREe 23t AntE T2t HUEY 7|%9)
A Tl oS EX1E Ao g Y7

1o

_l

»

z=

H =10 pMU, WMU, Micro-PMU 5 A0lE 8= my
EE 1xsts 98 AYye] =E e SIS 2
sh3Lh o] SHV7IEL 7| A A AR x| B
AU oy md S B 249 W A7) I 245t
o] Alggtct. =g GPSE 53 dlolg 7k A4S rlggte =
A, W2 A9 AT 4 S FA AATEe R ZHAIE

A St B8l HA7I 1SR HEHE YA 57

FEE vz Hlojg 7Nt A @Al Tleo] B

ol

AL ek o} & FEEE 71E A AAALHL
Bl Ao AnE dels 29 BEsiel ebgA
Aol 7ofat Aoz 7)ot

ACKNOWLEDGEMENT

Yo AYL Wop £YH AT
GP2024-0005).

oo
Ej

i
MN
o
o
re
-
[
o
S
[\ ]
+

REFERENCES

1. Aminifar, F., Fotuhi-Firuzabad, M., Safdarian, A., Davoudi, A.,
Shahidehpour, M., (2015), Synchrophasor measurement technology
in power systems: Panorama and state-of-the-art, IEEE Access,
2, 1607-1628.

2. Mohsenian-Rad, H., Xu, W., (2023), Synchro-waveforms: A
window to the future of power systems data analytics, IEEE
Power and Energy Magazine, 21(5), 68-77.

3. Mohsenian-Rad, H., Stewart, E., Cortez, E., (2018), Distribution
synchrophasors: Pairing big data with analytics to create
actionable information, IEEE Power and Energy Magazine,
16(3), 26-34.

4. 1EEE, (2011), IEEE standard for synchrophasor measurements
for power systems, IEEE Standard C37.118.1-2011 (Revision of
IEEE Std C37.118-2005), 1-61. https://home.agh.edu.pl/~turcza/
pmu/C371181-2011.pdf

5. North American SynchroPhasor Initiative, (2015), Diagnosing
equipment health and mis-operations with PMU data, (Report
No. NASPI-2015-TR-009). https://www.naspi.org/

6. Department of Energy, (2023), Big data synchrophasor analysis.
https://www.energy.gov/

7. Yang, Q., Bi, T., Wu, J., (2007), WAMS implementation in china
and the challenges for bulk power system protection,
Proceedings of the IEEE Power Engineering Society General
Meeting, 1-6.

8. Follum, J., Miller, L., Etingov, P., Kirkham, H., Riepnieks, A.,
Fan, X., Ellwein, E., (2021), Phasors or waveforms:
Considerations for choosing measurements to match your
application, (Report No. PNNL-31215), Pacific Northwest National
Laboratory. https://www.naspi.org/sites/default/files/reference
_documents/pnnl 31215 follum phasors waveforms.pdf

9. Power Sensors Ltd., Synchrophasors for distribution, microgrids:
PQube 3 MicroPMU (MicroPMU Data Sheet Revision 1.3). http://
www.pgs.it/Download/MicroPMU_Data_Sheet Revl 3ITA.pdf



740/ October 2024

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Pandey, S., Srivastava, A. K., Amidan, B. G, (2020), A real time
event detection, classification and localization using synchrophasor
data, IEEE Transactions on Power Systems, 35(6), 4421-4431.

Kim, D. -I., Wang, L., Shin, Y. -J., (2020), Data driven method
for event classification via regional segmentation of power
systems, IEEE Access, 8, 48195-48204.

Dharmapala, K. D., Rajapakse A., Narendra K., Zhang Y.,
(2020), Machine learning based real-time monitoring of long-
term voltage stability using voltage stability indices, IEEE
Access, 8, 222544-222555.

Ning, J., Wang, J., Gao, W., Liu, C., (2010), A wavelet-based
data compression technique for smart grid, IEEE Transactions on
Smart Grid, 2(1), 212-218.

Lee, G, Kim, D.-I., Kim, S.H., Shin, Y.-J., (2019), Multiscale
PMU data compression via density-based WAMS clustering
analysis, Energies, 12(4), 617.

Hao, Y., Wang, M., Chow, J. H., (2019), Modeless streaming
synchrophasor data recovery in non-linear systems, IEEE
Transactions on Power System, 35(2), 1166-1177.

Yu, J. J. Q, Hill, D. J, Li, V. O. K., Hou, Y., (2019),
Synchrophasor recovery and prediction: A graph-based deep
learning approach, IEEE Transactions on Internet Things, 6(5),
7348-7359.

Xu, W., Huang, Z., Xie, X., Li, C., (2022), Synchronized
waveforms - A frontier of data-Based power system and
apparatus monitoring, protection, and control, IEEE Transactions
on Power Delivery, 37(1), 3-17.

Bastos, A. F., Santoso, S., Freitas, W. Xu, W., (2019),
Synchrowaveform  measurement applications,
Proceedings of the IEEE Power Engineering Society General
Meeting, 1-5.

units  and

Dehghanpour, K., Wang, Z., Wang, J., Yuan, Y., Bu, F.,, (2019),
A survey on state estimation techniques and challenges in smart
distribution systems, IEEE Transactions on Smart Grid, 10(2),
2312-2322.

Shahsavari, A., Farajollahi, M., Stewart, E. M., Cortez, E.,
Mohsenian-Rad, H., (2019), Situational awareness in distribution
grid using micro-PMU data: A machine learning approach, IEEE
Transactions on Smart Grid, 10(6), 6167-6177.

Zhou, Y., Arghandeh, R., Spanos, C. J., (2018), Partial
knowledge data-driven event detection for power distribution
networks, IEEE Transactions on Smart Grid, 9(5), 5152-5162.

Aligholian, A., Shahsavari, A., Stewart, E. M., Cortez, E.,
Mohsenian-Rad, H., (2021), Unsupervised event detection,
clustering, and use case exposition in micro-PMU measurements,
IEEE Transactions on Smart Grid, 12(4), 3624-3636.

Biswas, S., Follum, J., Etingov, P, Fan, X., Yin, T., (2023), An
open-source library of phasor measurement unit data capturing
real bulk power systems behavior, IEEE Access, 11, 108852-
108863.

Gyul Lee

Gyul Lee received the B.S. and Ph.D.
degrees in electrical and electronic engineer-
ing from Yonsei University, Seoul, South
Korea. Since 2023, he has been with the
Group for Quantum Electricity & Magne-
tism Metrology, Korea Research Institute of
Standards and Science (KRISS), Daejeon,
South Korea, as a senior research scientist.
He is currently working toward develop-
ment of measurement standards and preci-
sion measurement technology to meet
emerging demands in the electromagnetism
field.

E-mail: eegyul@kriss.re.kr



	Introduction and Trends of Time-synchronized Measurement Devices to Advance Data-driven Smart Grid Monitoring
	1. 서론
	2. 스마트 그리드의 시각동기 측정기기
	3. 측정 데이터 기반 스마트 그리드 운영 기술
	4. 결론
	REFERENCES


