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Motivation for Synchronized Measurements:
Current/ Voltage Measurements

- *Measurements from CT/ PT: 3 phase sinusoidal AC

- voltages and currents at a frequency of 60 Hz

' +Phase ‘a’ quantities (voltages and currents) lead phase
‘b’ quantities by 120 degrees, which leads phase ‘c’ by
120 degrees (depending on phasor rotation practice)

phase 'a’ )

phase ‘b’ 7[] J \/ N o
NN /T

h &
w, o/

W73 %R

B 8 54p & £/ HE = PMU(Phasor Measurement Unit) 1%
# > Phasor(4p )& - BAfdic* k& - Bk He 742
dp i e 4k gk o PMU 995 IEEE eh ik £ 1 % & * %
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60 TG A - gD THFE 60 Hzo 4ok LER > H T 110
Vs Ar a8 ERG2) (/2A Lok & A
AlG - T33E > ¢ aAp s o P E A EE AT KL T o Arfl
¥/ 2ASY 5 - A i o

*(ROCOF)2 I+ #% & ] - B 9 %

PMU Definition

PMU definition (as stated in |IEEE
Std.C37.118-2011):

*“A device that produces synchronized
‘measurements of phasor (i.e. its amplitude
and phase), frequency, ROCOF (Rate of
Change Of Frequency) from voltage and/or
current signals based on a common time
source that typically is the one provided by
the Global Positioning System UTC-GPS.”

B 8 - PMU sh#z_%

R 1
Synchrophasor Fundamentals: Phasor Definition |

*Phasor: A sinusoidal signal can be represented
by a cosine function with a magnitude A,
frequency w, and phase .

* A is the rms value of the voltage/current signal

i fpr

x(r} J—Acos(Z:rxsoxH.p)
Re{VEe)

Phasor representation of a sinusoidal wave form

15

B 9 ~ Phasor(4p & )enE_&
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i R 0 B 2 e %Hisa] ~ g F 42 ¥ (anti-aliasing) g it
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Signal specification

*Phasor is a shorthand for sinusoid formula
= Specifies magnitude and phase
= Assumes frequency, based on nominal f,
*We are used to seeing constant phase and amplitude
* X, & ¢ give phasor: X = X, el
" A true dynamic system has changing parameters:
= Amplitude: X (t)
= Frequency: g(t)
= Phase: ¢(t)

" Giving a dynamic phasor:

X (t) = (X,,(£)/V/2)einfadt +a(t))

i B e e T T e e e R R e T
B 10 ~ & it ehip £
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Synchrophasor- Fundamentals: Inside PMU

GPs
receiver
Analog T
Inputs Phasar oy

- )
i locked oscillator 1fﬂndems i
l” ” | S
Anti-aliasing 16.bit Phasor !
filters | AID conv micro- —
’ processor

* Basic building block same as digital relay or digital fault recorder except GPS
synchronization

* RF. Nuqui, *State Estimation and Voltage Se curlryMonr'rMng u,dng Synmmm?edph sor Moasurernonts”;
Dosicrato Dissartation, Virgin'a Polyeohne inslitute, Blac

T T RSN N ) 3
8

2
=7~
=3 PMU > B E > ZRBEAPGDRE 2 v g 0 s A
BHE - TR RS E R E L RT
PMU > @ PMU F = 3 - GPS * &> Mg fciFh e - B 13

L
i

Mok hpg BRGAIMILE IR PR ERAT DT RS
TAELE G TR S s BlY F BB 12
2L F1F A 4N % E B (DFS) 2 3 B usient | 2 4p
% o
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Instrumentation Including a PMU

i (0

PMUs can estimate/ measure the

o following:

*Sequence voltages and currents

*Phase voltages and currents

*Frequency

+*Rate of change of frequency
(ROCOF)

+ Circuit breaker switch status

instrumentation
cable

27

Synchrophasor Fundamentals: Sampling
signal Sample the continuous voltage
‘ or current signal. The figure
le \ data samples  shows 12 points per cycle (the
1 sampling rate is 12x60 = 720
— HZ).

] Use Discrete Fourier Series (DFS/
— DFT) method to compute the
— magnitude and phase of the

I ] signal (i.e., applying DFS

= formula). '

Calculate magnitude and phase
for each phase of the 3-phase
quantity

Using one period of data reduces
the effect of measurement noise
28

Bl 13- FHpEERAHFML I B

B 14 7|87 PMU g » I Z e4e GE ~ Siemens ~
National Instruments:-- % % - B 15 #Hh7 7T #F T2 R e % F %
PMU 2 Rl%% "Bl® 52 4B PMU 2 pk R BlESX » 7
PRI A ERRE SR vy BEFL R SR EH T <]
& PR o 45 IEEE C37.118.1 &% » PMU # 14~ 3R A 5 25 >

UFELEF B MIARERFTEFHE - - &La 3 > GPS



Ph K& 7T HRERFET RT3 1 eFi(us) o JZEE LESN

60 Hz e gls 0.02°ejp & £ o m PMU R AT B2 T
Aol - A TR B AN 1%aEL o RRE TINAR AR
A€ MR- PMU F 5 & kBT B (reset)fs — ] R it
B7S AHFHREZEELEE o SR FAT AR F
l. PMU @345 efentp & | - BRTRH > ~ 7 £ &
mAE T e

2. PMU pig * il 5LpJdeif B iF L BB RIS B
B g AR R BE e 0T o

3. PR AR csEiE @ GPS B R A ELE & GPS MELAT
A 3 o

4, KA THFRAOEEF 2 gl BEFEF ¥V ETEROPR

PMU Vendors —‘

+ SEL

+ GE

+ ALSTOM

* ERLphase

+ Siemens

*  Macrodyne

+ Qualitrol

+ National Instruments
«  Arbiter

Bl 14 ~ PMU 94 & 5
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Sy'richbdpi'i'débf"Fundamenfals: Data Quality ‘
4 Frequency - New England PMU & DFR

S0r— T T T T T
; : ——PMU.MYSTIC -
—PMU-MANCHSTR
——FDR682
.00 T
5 : ~——FDR634

50,08

TR RS SO SO S

Frequency, Hz

59.96

.95 |

111 20 38-40010 20 42 72016:20: 47 04016:20; 51 36016:20:: 55.58015 21 ﬂn 00016:21; 04.'32015 21 Il1l 64016:21:12.960
Time, UTY

i

RIS~ FHApEERIASMEL  FTHREF

B 16 = PMU 14 & i # ,;ﬁd % I R P A Arig BEAE e
I APEZRIFORT 0 KA N R A g ¢ oo
iﬁ%%ﬁ4ﬁ’r(ES%%ﬁﬁﬁiﬂﬁﬁ?”ﬁ%ﬁ%%

BEORHTRE TR ER G Y DRERE - RIT
P2 BT A BRI NIRRT EINR S A EF(ERTF 25
50 B BT LM ARARB A p L hik (TR TR E

— WA AR S W 17 A E I ERRE AN
Bl Bl? ¥ DERALNR TN T A2 a e d B EgT
A BER OPMUFZRLZBE -
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_ Synchrophasor Fundamentals: Basic PMU
! applications

f- Global behavior may be understood from local measurement

* Phasor measurement data can be used to supplement/enhance existing
control center functions and provide new functionalities.

* Phasor measurement data with GPS signal can provide synchronized
voltage and current phasor measurements across a wide region

* By measuring the phase directly, the power transfer between buses can
be computed directly

* High sampling rate (25-50 samples per second)
» Extended visibility: beyond one’s own operating region

+ Disturbance monitoring —transient and steady-state responses

98
Bl 16 ~ PMU 14 & Jig *

Phasor Measurement Units in the
North American Power Grid

o
| @ PMU Locations
3 ‘ A Transmission Owiner Data Concentrator

- Ragional Data Concentrator

INASPT ez

e ———r

B 17~ 237 pEERIE L T F

B g4 B ELH
A E AR AL D AHE T #(Smart Grid)2t T 4 1
RO B/ITTHT AELTIABAELE 2 70
® Smart grid technologies (for power generation, transmission and

distribution systems, and energy conversion and storage devices)

® Smart grid communication and information technologies

20



® Distributed generation and micro-grid

® Electric vehicle charging technology and system integration

® Micro-grid applications and islanding operation

® Smart grid measurements, protection, control and operation

® Physical, cyber and system security for smart grid

® (Computation intelligence and IEDs for smart grids

® Sensing, communication and smart metering infrastructures

® Demand side management, smart buildings and home
automation

® Diagnostics, self-healing and reliability of smart grids

® Power quality issues and FACTS devices

® Electricity markets, incentives, regulation and pricing

® Smart grid interoperability, standards and codes

® Demand response and management through smart grid

technology

Renewable energy integration and storage

Smart grid planning, economic, environment and policy issues

A =R 3 gzﬁ Rt A A R R R
FoOEPEBRHEMFH A
%2 P A Probabilistic Approach for SVC Placement with
Harmonic Control and Reactive Power Compensation

TREE AP LBEL(RR)
# i m 7 A7 1§ % (Static VAR Compensator, SVC) fxfie 7 % it

TX
f

4+

AR LB R A o SVC AR AaFTRA TR > 4

T RE R by %WE%’U?U%%QJ%ﬁiMﬁﬁﬁ
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Ao LEREM o 5 AE RN SR TEE > 2 ]
MRk fE 0§ EFREUELEE IR M RUTE > B - F iRk

2

it > Reactor 2 — & g » #7121 TCR 2 - BRIt T - F

=

72 Thyristor Switched Capacitor(TSC) 5 — B M 3= #]% % » LCF

A

CRARBR R AR B T R T4 A Ahh B AT o
Fg]ﬂ)"l qﬁ;ﬁ‘pggvs:\/refﬂé’:svc/ﬂ? % §V5>Vreffgsvc
?ﬁgg‘ﬂ/{ﬁ’_;%ﬂ ? Vs <Vrefﬂé’: SVC # i e m 5 > 971U

2 27

}a A G DT o

Bus s

Vs
/L l Vs =Vig  the SVC is inactive.
Vref

V>V o the SVC absorbs the
TCR T5C LCF reactive power.

Vs <Vt the SVC provides the

Controller
reactive power.
18 ~ & 2| SVC % 4
’/\ < Ei é",\ % x?l‘ I_-]-_ it F\: %\‘ i/'!!t ;TG’E‘;"

A~

SR SVCH BB AE - 32y T RE A Y AR
AERAPRT R S TR E R R A PR ARV Ak
R ATREGFATRAE > AP HNEEFHSVCRE - B
SVC # % %% > H#EhES o3 283 2 5r v
eF ety o Bl 19 BT REFEROTR - T IRE gk
S B P e AT 0 KB A2 Sl enis o
FiTh o B 20 BEaBi@dsmSskis 0 BiEE S FRF I
o2 ACR B A7V NI EPF SVC =8 ahdhie » @ BB fiac

SVC eh i g 212 2 ¥ o
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Taylor series
linear approximation

Considering the effects of i Ao af

time variations of voltage, a random variable

current and impedance method
*Probability parameters
S
;:: Measurement o
E" M(x) Standard deviation

Variance - o =Var(X)

var(X)=E(X-E(X)Y

Expected Value E
% ) ﬂZE(X)u
| \/J/\ s

@
—

9

E3

: \

&

3 - X

3 .

S Random Variable

'a 1 2 3 E s 3 L

Probability Confidence interval Siting index for -
parameters estimation Static var Compensators Best candidate
(Expected Value, SVC bus

Sensitivity analysis (SVC) locations

Variance)

*Probability-constrained problem *The best SVC location?
Probability densi
v v Min 9% Max Bus4 Bus5 Bust
disurbarce level Confidence interval 100% i

Bus3

Bus2
Busl

B 20~ 5o w2 Bid SVCim g

Busk Busp
M-bus

power network

Probability density

Cumulative distribution

Bus M

R;mms

Bdcd 2B % hPFdA ks T ey > 2% m B
SRS h FEIFA T RY AT S B 21 ¢ ()3 A2 o e
ARS mBARAERGATRL EBAE? 5 hIFFA T
BT e R SR AR IR R L SRR R A R

A T A A FINE BRIV 4B 21 ¢ where T 2 23 o [

-nn\

22 - SVC @B F Bl s 2 RARE T d Bl TR

T

svC

N h
O }\. Zho+Z8e & | r* % h F,g VI ‘ SVC z R, I V $,0
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Z'go 2 ingt s 2 % h R AR ERTHZTRE i 2,

Z SVC % hrgrediig o

il
“> —an:‘ Vh = Z ka ,0'k vak 0 (1)
Original F k=ki k=k,
ir 2 Network nTih where
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Harmonic Harmonic order
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O'(FL”) 026 | 0.16 | 0.14 | 0.11 | 0.06 | 0.01
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%2 P : The value of online information for demand response in

Walrasian electricity markets

f’t‘ﬂf‘f : Felix Claessen', Bart Liefers', Michael Kaisers', land Han

La Poutré"*(' Centrum Wiskunde & Informatica (CWI),
Amsterdam, The Netherlands; “Technical University Delft,
The Netherlands)
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% % 5% 10% 15%
defarrable deferrable deferrable deferrable deferrable
(no
schednlmg)
CZEELE? 35.0479 357665 | 35.0415 | 341443 | 33.2481
cost with
1% solar 333127 351317 34.4106 33.5153 32.6110
(mal%)
cost with
5% solar 327715 325008 31.8652 30,9708 30.0710
(mal5)
cost with
10%% salar 203951 294137 286902 27.7933 26.8910
(mal%)
cost with
13% solar 26.4186 262377 255137 246170 23.7150
(mal%)
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cost with no solar ($) 341443 341463 -0.0060%

cost with 1% solar (§) | 33,5153 33.5099 0.0163%

cost with 5% solar ($) | 309708 30,9701 0.0025%
t with 10% sol

cos “1{33 o seiat 27.7933 27.7935 -0.0009%

cost with 15% solar

S) 24.6170 246150 -0.0079%
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EDF runtime (sec) | LLF runtime (sec)
1% Deferrable 573 12.67
5% Deferrable 2713 61.76
10% Deferrable 5373 126.09
15% Deferrable 83.09 195.61
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China 40 New 3 Romania 1
Zealand
Singapore 29 Vietnam 3 Norway 1
Philippine Trinidad
Thailand 20 3 and 1
Tobago
India 19 Malaysia 3 Egypt 1
South Belgium
Japan 14 Africa 3 1
Finland 12 Germany 3 Austria 1
Australia 11 Iran 3 France 1
united 3 Netherland 5 Italy 1
Kingdom
USA 5 Indonesia 2 ABB* 1
Denmark 5 Sweden 2
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Micro Grid and Distributed Generation Management 19
Artificial Intelligence and Optimization 11
Modeling, Integration and Management of Renewable Energy [ 25
Building and Home Energy Management 11
Electricity Markets, Incentives, Regulation and Pricing 11
Integration and Management of Electric Vehicle 12
Information, Communication and Metering Technologies 16
Power System Protection and Fault Diagnosis 28
Power System Automation and Control 11
Stability and Security in Smart Grid 11
Evaluation and Enhancement of Power Quality and Reliability [ 10
Demand Side Management 12
Power Electronics and its Applications 8
Battery and Energy Storage System 13
Smart Grid: General Concepts 6
Sum 204
Smart Grid: General Micro Grid and
Battery and Energy Concepts Distributed Generation
Storage System 2.9% Management
6.4% 9.3%

Artificial Intelligence
and Optimization
5.4%

Power Electronics and
its Applications
3.9%

Evaluation and
Enhancement of Powe

odeling, Integration
Quality and Reliabilitf 9. Integ

and Management of

4.9% Renewable Energy
12.3%
Building and Home
nergy Management
5.4%
Power Syste
Automation and lectricity Markets,
Control Power System Incentives, Regulation
5.4% Protection and Fault and Pricing
Diagnosis 5.4%
13.7% tegration and
Management of
Electric Vehicle

Information, 5.9%
Communication and
Metering Technologies
7.8%
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