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OUTLINE

"*THE MEASUREMENT PARADIGM IN POWER SYSTEMS

*MODELS FOR THE ENERGY TRANSFER

*PQ, SCADA AND PMUs

"TIME- AGGREGATION ALGORITHMS

“"SMART METERING WITH HIGH REPORTING RATE (1S). THE UNBUNDLED SMART METER
=STATE ESTIMATION IN ELECTRIC POWER SYSTEMS;

=SYNCHRONIZED MEASUREMENTS

=" IMEASUREMENT CHANNEL QUALITY

*EFFECT OF THE MEASUREMENT WEIGHTS ON THE STATE ESTIMATOR (CONSIDERING
BOTH THE STANDARD UNCERTAINTIES ASSOCIATED WITH THE MEASUREMENT DEVICES
AND THE INSTRUMENT TRANSFORMERS)

=INSTEAD OF CONCLUSIONS: IEEE COMMUNITY OF |&M
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eLoad and system conditions change continuously
» Quasi-steady state conditions most of the time = time aggregation
»Dynamically changing conditions occasionally -2 “instantaneous”
measurements; protections; SCADA framework

Frequency and voltage: not anymore the ubiquitus information carriers!

(a) Wide area monitoring and control
(b) More accurate modeling/validation of models

eControl and monitoring of power systems relies heavily on measurements
dispersed throughout the system

eNeed to develop information processing methodologies to extract meaning
and knowledge out of the data; data knowledge to design software, hardware
and embedded systems that operate autonomously and with system awareness

eUltimately: real-time decisions in the management of large-scale, complex and
safety-critical systems =»Smarter Infrastructure Networks

Technical Lecture Series
The IEEE PES Manchester, 18 September 2017 5
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THE MEASUREMENT PARADIGM IN POWER SYSTEMS
Physical phenomena Measurement process
5 ' Monitoring
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Measurement result is meaningful only when the quality of the measurement

process is quantified 2 2
| u= (uM) + ()
measurement is normally a GOAL-DRIVEN PROCESS

Measurement context: the set of all entities belonging to the experimental
setting with a significant effect on measurement result

Technical Lecture Series
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THE MEASUREMENT PARADIGM IN POWER SYSTEMS

*Measurement context: [quasi-]steady state process

scontext models include definition of Bl measurand [ standard properties
influence properties B time (implicitly included as a hidden variable)

=Symmetrical/unsymmetrical three phase system (voltages)
=Balanced/unbalanced three phase system (currents)
symmetry & single phase representation

*Load model: constant, usually linear (P, Q)
=Constant (time & space) frequency (system frequency)
=Sinusoidal-waveforms > Phasor representation

*Non-sinusoidal: limited frequency band; fundamental component
=Time resolution determined by control actions = seconds
“Low inertia & old models

- significant depreciation of the information mediated by the control

systems which are relying on real-time measurements
Technical Lecture Series

U Manchester, 18 September 2017 7




IEEE A
INSTRUMENTATION

& MEASUREMENT
PP I SOCIETY

DER

THE MEASUREMENT PARADIGM IN POWER SYSTEMS

* Typical measurement chain for electrical quantities in power systems:
instrument transformers and the measurement device

* Specific to power systems monitoring: the aggregator (inherited from
analogic way of data compression)
* newly deployed synchronized measurement units SMUs:
— high fidelity, high accuracy, high reporting rates

* Unequal development pace of the models! (measurement / phenomena)

Technical Lecture Series
U Manchester, 18 September 2017 8
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MEASUREMENT PROCESS
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A possible measure (1995, GUM): standard uncertainty - it “reflects the
lack of knowledge of the value of the measurand” after correcting all the
systematic errors observed during the measurement procedure.

Two ways for evaluating the standard uncertainty of measurements:

= Type A and Type B. In both types, the measurement is considered as a
random variable.

Any mathematical operation on measurement results - combined
uncertainty, difficult to evaluate (compound error distributions)

Typical measurement chain for electrical quantities in power systems:
instrument transformers and the measurement device;

Any additional data processing module contributes to an “inflation” of the

uncertamty JGCM: Evaluation of the Measurement Data -

Guide to the Expression of Uncertainty in
Measurement, JGCM 100:2008.

Technical Lecture Series
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MEASUREMENT PROCESS

= from the statistical distribution of results of series of measurements (type A);
—> it can be characterized by experimental standard deviation.

u(x) :u(;) = SZI\(IX)

= from assumed probability distributions based on experience or other
information: [the confidence interval is a priori known; a suitable probability
distribution is assumed], (type B)
—> it can be characterized by standard deviation;
- maximum entropy principle 2 uniform probability distribution

U s Cl meax

100v/3
Technical Lecture Series
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MEASUREMENT PROCESS

combined standard uncertainty: "standard uncertainty of the result of a
measurement when that result is obtained from the values of a number of other

quantities”
y = F(X %000 Xy)

2
N
= Uncorrelated input quantities: uf(y) — Z[sfj uz(xi)
> X.

N-1 N
= Correlated input quantities: U 2(y) = ZCZUZ(X)JFZZZC.CJU(X JUx;)r (X, ;)
= j=l
uix.,
(6.,) = —ar)
) N of 2N—1 N uu(x;)
us(y)=>» | — )+ stz U(X,
:(Y) Zl‘, o IZ;JZ;@X@X (%, ;)
Technical Lecture Series
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S DE1\/|EASUREMENT PROCESS. THE MEASUREMENT PARADIGM IN POWER SYSTEMS.

=Specific to power systems monitoring: the [time-] aggregator (inherited from analogic
way of data compression)

=Existing [series of] standards
IEC 61000-4-30 ed .3.0, Electromagnetic

compatibility (EMC) - Part 4-30: Testing and
measurement techniques - Power quality
measurement methods, Feb. 2015

= information concentrators (rms values; PQ indices) provide data compression
capabilities while keeping an analogue signal processing perspective:

= synchronous averaging (rms “instantaneous” values of periodic signals)
= data aggregation (in time) with asynchronous averaging algorithms.

Technical Lecture Series
U Manchester, 18 September 2017 12
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MEASUREMENT PARADIGM IN POWER SYSTEMS. INFORMATION CONCENTRATORS

Signals =2 information retrieved from measurements on signals

Deterministic signals > observation time window T : u(t); u,.; U,...

Deterministic, periodic signals = observation time window T:

peak-to-peak voltage; mean value u; average value; rms value; crest factor; form

factor; etc.

_ T+t
u=— j u(t)dt
Tand 1 T+t

uf == tj u(t)|dt

U= \/ Tfo[u(t)]zdt

1 —N+k1
l/lk—ﬁxa;c ul /]
—N+kl

=@ il

1
Uk:\/Nx a u []]

j=k
Technical Lecture Series

x(t, )= x(k - At) = x[k]

rezentarea semnalelor discrete esantionate uniform

0 2 4 6 8 10
momente, tk
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MEASUREMENTS IN POWER SYSTEMS. SYNCHRONIZED MEASUREMENTS. PMU

The Phasor Measurement Unit (PMU) is the key element of the synchronized phasor
measurement technology

Dispersed PMUs in the power system are synchronized using a GPS signal, enabling
the PMU to provide voltage and current phasor measurements.

Synchronized phasor measurements are distinguished by their high fidelity, in
comparison to the conventional measurements (i.e., real and reactive power
injections and flows, voltage magnitudes)

Still deivers an information concentrator only! &< = signal model!
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MEASUREMENTS IN POWER SYSTEMS. SYNCHRONIZED MEASUREMENTS. PMU

1!‘8

Synchronized measurement technology has pMUb\ Pi@’b PMu? I
-

the potential of becoming the backbone for a /

“real-time” wide area monitoring, protection Share s

and control (WAMPAC) system.

5
Wide Area>
Network

PMU measurements are delivered (made
available) at a high speed (30-120 samples

[frames] per second);

7

synchronized measurement system: p

-- Synchronized measurement units (SMU), such PMUk/>

as PMUs

-- Phasor data concentrators Y
-- Application software and servers ™ .

-- A wide area network —

Anti-aliasing 16-bit Phasor

filters AID conv micro-
processor Applications

Technical Lecture Series
U Manchester, 18 September 2017 15
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MEASUREMENTS IN POWER SYSTEMS. SYNCHRONIZED MEASUREMENTS. PMU

* phasor: A complex equivalent, in polar or rectangular form, of a sinusoidal wave quantity.

* synchronized phasor or synchrophasor: A phasor calculated from data samples using a
standard time signal as the reference for the measurement.

 phasor measurement unit (PMU): a device that measures and reports synchronized phasor,
frequency, and ROCOF estimates from voltage and/or current signals and a time
synchronizing signal.

 phasor data concentrator (PDC): A function that collects phasor data, and discrete event
data from PMUs and 0055|va from other PDCs and transmits data to other applications.

A=A

=0
(1PPS) (1 PPS

I —j2
X=X A2 X=(x A2)ye?
(0 degrees) (— 90 degrees)

Technical Lecture Series
Lo CEEEEE Manchester, 18 September 2017 16
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[ ] Original signal
[ ] RMS computed every period

IEC 61000-4-30 ed2.0, Electromagnetic compatibility (EMC) Part 4-30: Testing
and measurement techniques - Power quality measurement methods, 2008
(preserved in ed.3, 2015)

[[] RMS computed every 200 ms  [_] RMS computed every 10 minutes
[[] RMS computed every 3s B RMS computed every 2 hours

Phenomena — measurement: Signal (waveform) —
[sampling] — compression — reporting (time granularity)
- knowledge

The IEEE PES
Student Branch

Manchester, 18 September 2017 17



IEEE A
INSTRUMENTATION

& MEASUREMENT
[P SOCIETY

<©IEEE

:I Original signal f[Kk]

_ MLP IEC 61000-4-30 ed2.0, Electromagnetic compatibility
Average over 10 cycles — 200ms f(Lp+1) - M, (EMC) Part 4-30: Testing and measurement
a TkLP techniques - Power quality measurement methods,
i Average over 10s =1 2008 (preserved in ed.3, 2015)

Technical Lecture Series
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*SMART METERS/ THE UNBUNDLED SMART METER
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NobelGrid project

cuogfics o System Unbundled SMART METER
upplier + ___________________________________________
| Standard Interfaces ' Extended functions
! Diversity of USM Diversity of
MI1,2, X| 1
_y Ll < ! Users SMX Applications
I
service ¥ A SMART METER EXTENSION 4
provider(s) _ / (Specific Smartness) gy 45 J
Meter MM. | [ T e T [~ SM
- —‘g' i 805 - UNBUNDLED SMART ME'rdln
End customer MIS g E : :
d H m . | |
eviee z | SMART(er) METROLOGY METER !
Smart Home €——p | Metrology zone! (Simple Standard Smartness) E

Technical Lecture Series
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wuceoss: \JOLTAGE MEASUREMENT AND REPORTING

Date microPhU:E0000
Date PMU:30000
Date contor:600

| | i i
100 200 300 400 500 600

microPMU (100 frames/s), PMU (50 frames/s), smart meter (1 frame/s)
15.03.2017, 09:00 - 09:10 UTC

Technical Lecture Series
[CEEECED Manchester, 18 September 2017
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VOLTAGE MEEASUREMENT AND REPORTING. LOSS OF INFORMATION

13/03/2017 13/03/2017 15/03/2017 19/03/2017 20/04/2017 22/05/2017 22/05/2017 22/05/2017 22/05/2017 22/05/2017
09%9_pglt 1035115 18%.1810 (oY _gold (23002%40 (g5 083 (8i508% (9%0_p9ld (o9l poll (gl gg 30
Eroarea relativa a agregam tensiunn furmizata de nmucroPMU pe 200 ms [%0]
0,03337 002463 004142 002531 004414 003431 002783 004472 0,02334 0,03969
Eroarea relativa a agregam tensiunn furmizata de microPMU pe 3 s [%4]
007808 006379 007989 006144 003942 011028 003075 006048 003860 0,04649
Eroarea relativa a agregam tensiunn finmizata de mucroPMU pe 10 mm [%s]
024217 0,1999%8 020002 014777 011749 0,18238 013397 022607 0,14047 0,00146
Eroarea relativa a agregam tensumnn furmizata de PMU pe 200 ms [%]
0,03411 003195 004021 002994 003212 004576 002420 003215 001782 0,02022
Eroarea relativa a agregam tensiunn furnizata de PMUpe 3 5 [%%]
0,10629 008890 010644 009212 003869 010987 008048 003946 003796 0,04652
Ercarea relativa a agregam tensiunn furnizata de PMU pe 10 mun [%o]
025782 0213533 022220 017402 0115348 020393 0,14%946 0223538 0,13201 0,09346
Eroarea relativa a agregam tensiunn finmizata de contor pe 3 s [%0]
0,06174 004963 003955 004510 003739 008600 007204 003998 003213 0,02865
Eroarea relativa a agregam tensiumn fiurmmizata de contor pe 10 nun [%]
023893 019733 019517 01453290 010898 016062 014447 022216 013416 008251

10 data sets
microPMU (100 frames/s; 0,01%), PMU (50 frames/s, 0,02%), smart meter (1
frame/s, 0,5%)

Technical Lecture Series
U Manchester, 18 September 2017
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MEASUREMENTS IN POWER SYSTEMS. SYNCHRONIZED MEASUREMENTS. PMUS

)
R o

Concentrator

Timestamp PMU1 PMU2/

t # Z 222?

t, st | 2922

Time alignment decision algorithm for heterogenous reporting rates

Technical Lecture Series
Lo CEEEEE Manchester, 18 September 2017 22
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State estimation: U, P, Q —— microPMU

Date microPMU

Uo,oo0
Uo,o1
Uo,02
Uo,03
Uo,04
Uo,o5
Uo,o6

Uo,99
Ui
Ui,01
U1,02

60.000__|
valori

Date CONTOR indesite

Ll Us99,99

U'o

''0,01
''0,02
'0,03
'0,04
'0,05
'0,06

S ¢ Agee

U'o0,99
Ui
uU'1,01
uU'1,02

U''599,99

PMU-— > meter

IS Smart meter

Date CONTOR Date CONTOR indesite

PMU

Smart meter
meter

Date PMU

U'o
U1
u'2
u's
u'a
U's
U's

U'600

Uo,00
Uo,02
Uo,04
Uo,06
Uo,08
Uo,10
Uo,12

Uo,98
U1
U1,02
U1,04

U599,98
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HETEROGENOUS DATA REPORTING. RESAMPLING

Evaluation of
4 resampling

b

algorithms

Technical Lecture Series

U'o
U'"0,02
U"o,04
U'"0,06
U"o,08
uU'o,10
u'o,12

U"o,98
U1
U'1,02
uU'1,04

U''599,98

<©IEEE

Date CONTOR

U'o
u'i
U2
u's
U'a
U's
U's

U'600

Jm

%10 minuta

The IEEE PES
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HETEROGENOUS DATA REPORTING. RESAMPLING

Refe rence. hdedie hedie Ee-szamtionare In lars
PMU aritmetics |  patratica simpla Yimara s

Metoda
15/03.2017, 09:00-09:10 0,18210 Medie aritmetici / patraticd
15/03/2017, 10:55-11:05 0,15469 Medie aritmetici / patraticd
15/03/2017,18:00-18:10 019007 MMedie sritmetici
19/03.2017, 09:00-09:10 0,15492 Medie sritmetics | patratici
201042017, 02:30-02:40 0,10259 0.10383 Medie pitratica
22/05/2017, 08:25-08:35 048786 048966 Medie pitratica
22/05/2017, 08:35-08:45 056774 0,56896 Medie pitratica
224052017, 09:00-09:10 0.55468 0.55501 Medie pitratich
22052017, 09:10-09:20 0.54231 0,54250 Medie pitratich
22/05/2017, 09:20-09:30 0.53783 0,53802 Medie pitratich

ar P[] Metoda

22/05/2017, 08:25-08:35 5,06482 512414 Medie pitratica
22/05/2017, 08:35-08:45 0,71108 Medie aritmetici
22052017, 09:00-09:10 0,53502 Medie aritmetici
220052017, 09:10-09:20 027689 Medie aritmetics
220052017, 09:20-09:30 026956 Medie sritmetics

Metoda
22/05/2017, 08:25-08:35 7.36797 742357 Medie pitratica
22/05/2017,08:35-08:45 666512 Medie aritmetich
22052017, 09:00-09:10 6.54807 Medie aritmetici
22052017, 09:10-09:20 610653 Medie aritmetici
22052017, 09:20-09:30 620517 Medie aritmetics

Technical Lecture Series

The University of Manchestar

Manchester, 18 September 2017
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= Date microPMU:60000
Date CONTOR initiale:600
. Date CONTOR dupa corelare:60000
g | | Voltage resampling:
= smart meter / microPMU
-l | (reference)
: H e Date PMU:30000
Date CONTOR initiale:600
Date CONTOR dupa corelare:30000
= smart meter / PMU
WWWM____‘;._ ........ ......................... ......................... .......................... ........................ | (reference)
Date PMU:30000
Date CONTOR OBISNUIT initiale:2
O Date CONTOR OBISNUIT dupa corelare:30000
- reactive power
= .
- resampling: meter /
PMU (reference)
w Technical Lecture Series
U Manchester, 18 September 2017
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STATE ESTIMATION

Measurements every 2-30 s
Not synchronized

D__B?su .O_> A Bus 14 . : .
— Bus 13 _lv_ State Estimation (SE) executed every 1-5 min

using asynchronous measurements

Bus 10

\L Bus 9

J/ o Goal of state estimation: Obtain an estimate of the
“state” of the system (V and & at every bus)

When the state is known, all MW and MVAr flows
T pue can be calculated.

o ol = A
@iT/ @‘ 3 SE assumptions:

Bus 1 * Balanced system
* Line parameters perfectly known
O Active/reactive power flow measurement .
O Active/reactive injection measurement * No tlme'Skew between measurements
A\ Voltage magnitude measurement * Topology known

Bus 2

Technical Lecture Series
The IEEE PES Manchester, 18 September 2017 26
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Measurements:

— — )
TR Xh U, Voltage level

|| Estimated U _. <U, <U
Yy o Yu o Yo lu, ||e— T T ™
Power flow M

%"1 Xik w Yon -Qy Sik SSik,aolm ¥
£ = K= R, X
% Jy
+ i T v GO’ BO
Technical Lecture Series 27
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Model of the state estimator Z =h(X)+e

4

:\/iZ(gSi +0;;) — ViV (gj; cosG; +Dby; sin 6’,])

B i |
Qﬂow Qi = -V (b +b;) -ViV; (g;; sin ; —by; cos 6;),
flow P =V, Zvj (Gjj cos g + By sin 6?”)
Pinj = JeN; R
Q\i/nj Qi =V; D V;(Gysin6; ~ By cosfy)
- . jeR;

Vi

Estimation of the state vector x using the WLS methodology

Z is the measurement vector Min: J (X) > [Z I h(X)]R_l[Z s h(X)]

h(x) is the vector containing equations that
Relates measurements to system states

R is measurement error covariance matrix

ﬁ Technical Lecture Series
The IEEE PES Manchester, 18 September 2017 28
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Solution:
Xk-|—1 = Xk +[G(Xk )]—1 H T (Xk)R_l[Z . h(Xk)]
where,
oh(x) | | Pfiow  Priow
H (X) = Jacobian matrix 00 oV
OX \ 8Pinj 8Pinj
J100 Heg=1 399 &Y
G(Xk) _H T (Xk)R_lH (Xk) Gain matrix Qfow  9Q flow
06 oV
AQinj  NQinj
. 00 oV |

The iterative process stops when the element of Ax with the maximum value is
smaller than a predefined threshold

Technical Lecture Series
U Manchester, 18 September 2017 29
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LINEAR STATE ESTIMATION

( . gij+iby

7_ “  PMU =< 72 Ne_v
o Y = s

Y“ gy v j 6, | |oibs  ortiby = =
i i S ! S) ) f/ % s —
| i< ==
J 1) ;
J;JJ. | i

VT3S £ gmeRs _\/ cos 6. + V. sing
—_ S

mm

real Vinag
e =V €080, (0 +9;) =V, sind, (b, +b;)+b,V,;sind, —g,;V, coso,

linag = Vi c0s &, (b +b;) +V;sind (g +9;)—b;V,; cosd, —g,V,sino,

imag

V] [av, Jov, oV, o,
7=Hx+e Vlrr?lzzs 8V, / 8Vr 6VI / @VI Vr ;N('-‘ightEd Least Squares
= +e= — . / ) :
meas |\ T\ o1 JoV. ol oV, | V. ) - (HTRH)CHTR
|l | L0 /0V, ol /ev; |
Technical Lecture Series
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£ = = — = = PMU —
— V,—-1.7 — V,+1;;Z2.\ = T
Vj:( Zjlc)ew.!_'_( 23 )ETE, I |j | [j
Vi Z 6, Ositjbsi 05+l

A= [V;(e" cospr + e 7! cos 2) .
— I, Z. (E’TT cos g — e 7! cos p4)] /2 Vi=A+jB,

]

B=V, (E"rrf sin @ 4 e ! sin 3) V =A% + B =7, (V.,q.,l..,q..)
_ I‘!-JZ (E’TT SiI g — E_TTE singﬂ4)] f? ’ . 7
1 :Hi+Tt£5 o :Ha ’}‘1'! } %:tan- (B/A):]FC/](I/Z’(Z’[y’qy)
w3 =0 +60, +7l; wa=0;;+60, —Wl |
4
p=(V:1;14) 0= S 18V;/0p(k)* [u (p(F)))°
u(p(k)) :standard uncertainty in p() k=t
4
((p(r) =) w65) = | 25 03/ 00 9 0 PO
k=1

Technical Lecture Series
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Take advantage of voltage and current phasor measurements from PMUs
Incorporate these measurements into the existing state estimator

" anIow al:)flow
( 00 oV
o A o O
G fow 0 o
OTHER STATE x nj Qtow  9Q flow
DATA > ESTIMATION
\ ; Q flow o0 oV
Q aQinj aQinj
n Y. oV
Seaba Zhyb = pm Hinyp (x) = o4 oay
H— pmu
meu 00 0
__________________________ 9 ameu amel.,l
PHASOR DATA = i pr 00 oV
CO\CE\TRATOR | pmu 0O1pmu 991pmu
i 00 oV
: e
) _\@9\/@«/ |
|
|

— R —————..,.,
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0 5 10 15 20 25 30 0 5 10 15 20 25 30
Bus Number Bus Number

|IEEE 30 bus system

Flow measurements locations Injection measurements locations PMU locations
(bus # - bus #) (bus #) (bus #)

1-3, 2-6, 2-4, 5-7, 4-6, 6-28, 6-8, 6-9, 6-10, 12-13, 12-15, 1,2, 4,6 10, 11,12, 15, 18, 19,

16-17, 10-20, 10-17, 14-15, 15-23, 15-18, 25-26, 25-27, 1,5,10, 12, 15, 27
28-27, 29-30 24, 25,27, 30
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s STATE ESTIMATION AND THE MEASUREMENT CHAIN

* Uncertainties in the measurement chain — effect on weighting matrix

e Measurement uncertainty: The standard deviation of a set of
measurements of the same quantity, for which a specified distribution is
assumed. (“Guide to the Expression of Uncertainty in Measurement,

JGCM 100:2008")

* Approximation of network model (e.g., errors in line parameters)

e Surveys have shown that the stored parameter values in control center
databases could deviate from the real ones by as much as 30%

In practice, usually only the measurement device accuracy is used for

measurement weighting
« Important to look at the whole measurement chain

Technical Lecture Series
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Conventional measurement chain

~ lpework > Current transformer

Itrans’r i

Power
measurement — Preas, Qmeas >
device

Vtransfj

The measurement weights are based on the combined uncertainty introduced to the
measurement by both instrument transformers (ITs) and measurement devices

—Viework—*> Voltage transformer

Maximum measurement uncertainties

The IEEE PES

Student Branch

Real/reactive Real/reactive \oltage Current
Ny . . Phase angle
power injection |  power flow magnitude magnitude PMU (degrees)
(p.u.) (p.u) PMU (p.u) PMU (p.u)
3/100 3/100 0.02/100 0.03/100 0.01
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Conventional measurement chain

Vmeas= network™ N (O, U&T) +N (O’ U/\\CIU )

/ meas— / network"' N (O’ UIC T) +N (O’ UII\/IU )

qg = +N(0,ul )+ N(O,ul,

network

meas

ql q[etwork N(O u )+N(O

meas

-4y
Qv — eVT
VT
1.96
v
MU
1.96

=4q
q — eCT
77

1.96

=4,
a — eM]U
MU —

1.96

—lnetwork—> Current transformer

Itrans

Power
measurement ——Peas, Qmeas—>
device

—Vpewor—* Voltage transformer —— Vtranst

74 V \2 74 2
Uneas= \/(UVT) +(UMU)

u® =) + ()’

v :eVT

yT 196 ‘Vmeas

—

1
uCT 196 ‘ meas

K
e —1
Vo= _MU — Cwu

u =\ _—
0 =7 961 el s = gl e
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—hetwork—> Current transformer Lirans j
Conventional measurement chain e ... Qo
L 14 - - 174 /s
P meas I/transf ] transf COS(CLmnSf - C’z‘iansf ) Qmeas - I/l‘mnsf 1 transf Sln(qz‘ransf qt]mnsf )
PmeaA 5 lf Qm eas 1 l}
L TR0 S e P W OO
Pmeas (Pmeas) eﬂptr( ) u Qmeas (Qmeas) eﬂp ( ) u
2 2
P |4 1
u meas u u 2
= (—Vl] +[ﬂ] +(ufl tanDg) +(uf tan Dq)
Pmeas V ]
2 2 2 2
Qmeas V ! G q
Y — (@_) +[MCT] +( Uyy j +[”C|Tj tan Dq:%
O, oo Vv I tan Dg tanDg P
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—lnewwork —— Current transformer

Conventional measurement chain adsfoa
—Vrework—> Voltage transformer Vvansfj
i, V ql i V G
P meas I/transf / transf Cos(qtmnsf B transf ) Qm e Vﬂ”anSf ]tmnSf Sln(qtransf qtlransf )
o 4 9P

(P Op) = |8 G § (0, ()P

=1ép, (k) ﬂpt,, )

/7

A2 7 1 o/ q
P, (k ) [ transf? tmnsf 1 (’7transf ) qtfﬂansf ] u(pf’” ) - é e N le MV? uCIT

(con Y o,

P,Q
nie%s — \/(MIT) + (u]I\DJS) uﬁg = ]e-]WgUG ( meas’Qmeas)'

Technical Lecture Series
U Manchester, 18 September 2017 38




IEEE
INSTRUMENTATION ’IEEE
& MEASUREMENT

s STATE ESTIMATION AND THE MEASUREMENT CHAIN

PMU measurement chain = linear estimator

7Vnetwork/ Inetwork4> Instrument 7Vtransf/ Itransf4> Measur_ement 7Vmeas / ImeasH
transformer device
VmeasL 0 B Vmeas COS(@ ) tJ Vmeas Sln(gmm ) ImeaSL Hmeas - meas COS(Hmeas ) g J Imeas Sln(@meas ).
v T I i

r 1

o 2 v=WV ViiS =l I
u(S,)= A" I(5,)/ o, ()T Lu(p, ()T B e Y

y

_é u _é L
pV _é Vmeas q Q pl _6 meas q] E’

meas meas

u(S,)=\8 " [1(,)/Tp, (OF-[u(p, (DT

I

_é é
u(pV) - é uZeas umVeas Q u(pl ) é meas ugzleas Q )

= = ; ﬂVr = = : ﬂl
u(K,V;)—u(K,K)—\/ ACoad V(k)[ u(p, O (L, 1)=u(l,.1) J LD ,<k)[ u(p, ()
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Current transformer maximum errors Voltage transformer maximum errors
+ Phase displacement at percentage
+ Percentage of current error at of rated current (degrees)
Accuracy percentage of rated current + Percentage of .
class Accuracy class voltage magnitude phase displacement
1 [ 5 | 20 100|120 1| 5 20 | 100 | 120 - (degrees)
0.1 - 0.4 0.2 0.1 0.1 - 0.25 | 0.133 | 0.083 | 0.083 0.25 0.2 0.167
0.25 0.75 ] 0.35 | 0.2 0.2 0.2 | 0.5] 0.25 | 0.167 | 0.167 | 0.167 0.5 0.5 0.333
0.2 - 0.75 | 0.35 | 0.2 0.2 - 0.5 0.25 | 0.167 | 0.167 1 1 0.667
0.55 15 | 075 ] 05 0.5 05 [15]0.75 0.5 0.5 0.5
0.5 - 1.5 | 0.75 | 0.5 0.5 - 1.5 0.75 0.5 0.5
1 - 3 1.5 ]! 1 - 3 1.5 1 1 o
/ IED Vendor D
! Measurgfhent Layer
i Phasg Conductor - ﬁl ﬁ }.
B C——aa —=—
| /
| C
i v() - Trg::'sepc:r er V;?:ilgrc
. N
Does the [ =
E Attenuator
accuracy of ITs 3 = [ o B
= 5= - i —l Burden Vend A
[ - g g // enaor
impagt the L EC ]
= Eg
= 22 /
accuracy L 28 / Atlenuator
, Aml -Aliasing
provided by the /4 Fters

PMU?

PMU
Vendor C

T e —
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R [VIEASUREMENT CHAIN: INSTRUMENT TRANSFORMERS

* |nvestigate the effect of the accuracy class of the instrument transformers on the
accuracy of both the conventional and the hybrid state estimator

 Measurement chain includes instrument transformers with good accuracy (0.2S)
* Measurement chain includes instrument transformers with lower accuracy (0.5)

Hybrid and conventional state estimators are executed every half hour for a whole
day for the IEEE 118 bus system (tests performed for other systems as well)

Metric of accuracy: Average sum of voltage magnitude and angle residuals

1 N 1 M - 1 N 1 M A
resy =N%}Wi§ﬂ)\vi (k)= V; (k) res, =W;M§\ei(k)—ei<k>

N: Number of buses; M: Number of trials
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“oltage angle residuals (degrees)
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4

g 1216 20 24 23 32 3B 40 44 48

Tirme instants

The instrument transformer accuracy class impacts only the hybrid state
estimator accuracy

*M. Asprou, E. Kyriakides, and M. Albu, “The effect of instrument transformer accuracy class on the WLS state estimator accuracy,”
IEEE Power and Energy Society General Meeting, Vancouver, Canada, pp. 1-5, July 2013 (Best paper award).
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LINE PARAMETERS LACK OF KNOWLEDGE VS MEEASUREMENT UNCERTAINTIES

 The uncertainty of the line parameters deteriorates the accuracy of the hybrid
state estimator more than the measurement uncertainty does.

* Important to identify and correct erroneous line parameters (take advantage of
synchronized phasor measurements)

* With the knowledge of the voltage phasors at the two ends of the line and the line
current phasor the line parameters can be estimated.

gsi-’.-ibsi gSj+jbsj

M. Asprou, E. Kyriakides, and M. Albu, “The effect of parameter and measurement uncertainties on hybrid state estimation,” IEEE
Power and Energy Society General Meeting, San Diego, CA, USA, pp. 1-7, July 2012
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LINE PARAMETERS LACK OF KNOWLEDGE VS MEEASUREMENT UNCERTAINTIES

Two case studies (hybrid state estimator) using the IEEE 14 and 118 bus systems
Case study 1: Perfect measurements and uncertain line parameters
Case study 2: Exactly known line parameters and uncertain measurements

Line parameters are assumed to follow a uniform distribution spanning from
(nominal value - 30%*nominal value) to (nominal value + 30%*nominal value)
and a sample was taken randomly from this distribution

T T T T e T T T T : 4 i : ! ! z — L .
250 = : § : T I Vncerainpaameton e - - s -Uncerta{n parameters
-Uncenain measurements { : : -Uncertam measurements
ittt ot et Be s st e e te s S st Rt §2U oo il et e s i S st s oo S o S s soneic e s st |
£ o f ooy Eom o ow & & F & 5
B B | I - e e e ’g‘ 151 R T SRR ERRERERE N R RERPERE R Bl SR
E £ :
2 E R R
E i OO SRR R A B e AR A R O O E w--N-§5 88 - S ........ L ........ ERRRERE RREPRE ........ R
: 2 -8 1 _ ,
o : ; : : : o
U5 s ................... ........ .............. ............... i et B BE B TH B S B R e e e R
Ul X
1] 2 4 5] 8 10 12 14 16 18 20 0 2 4 5] 8 10 12 14 16 18 20

Branch Number

Branch Number

IEEE 14 bus system IEEE 14 bus system
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A publication of the EXE s tatoo & Measurement scoety
Background
Electric power systems represent one of the main tasks in the field of engineering. Since the last 70 years the demand and consumption of electric
energy has grown exponentially. Originally the attention paid to electric energy was mainly limited to the analysis of its characteristic in terms of
waveform, interruptions and continuity of service. As the demand increased, as well as the diffusion of devices highly sensitive to voltage characteristics, the
need for accurate measurements of electrical quantities has become both strategic and necessary.
The economic losses for industries have dramatically increased due to the poor quality of the supply voltages. In several applications, accurate power
measurements are required for taking decisions, for diagnostic purposes, for metering purposes, and for reliability analysis. The challenge, in the
recent years, is represented by the development of a new generation of instruments capable of providing the required measurement information, which differs,
sometimes strengly, from that required in the past. For instance the measurement of the active power and RMS values must be performed assuming that the
electrical quantities are no longer periodic nor sinuscidal. Fault detection and localization in power plants is becoming a crucial task for the Utilities in order to

improve the voltage quality and shorten the time-to-restoration.
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