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Motivation of the Work
Active Distribution Networks (ADNS)

SOURCE: sine.ni.com

é = Phasor Measurement

Unit (PMU)

= Feeder Monitoring, Control
Unit (PDC+RTSE+control+protection)

e Power lines

Telecom lines
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Motivation of the Work
Measurement challenges in ADNs

Compared to TNs, in ADNs waveform disturbances are more remarkable:

— Harmonic distortion beyond the IEEE Std. C37.118 specs.
= Superposition of multiple harmonics (EN 50160).
= Harmonics superposed to frequency fluctuations.

— Higher measurement noise, particularly in measured currents.
— R/Xratio close to 1, resulting in limited phase difference.

— Reduced power flows, limited to few MVA maximum.

— Faster dynamics w.r.t. renewables short-term volatility.

Solution: PMUs & Smart meters characterized by enhanced accuracy (TVE< 0.0x% in static).
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Motivation of the work
PMU accuracy requirements in ADNs

The “PMU calibrator” should provide a reference accuracy at least 10X better than PMUs under test .

Objective: to develop and characterize a validation system with TVE< 0.00x% in static.
IEEE Std C37.118.1 PMUs in ADNs PMU calibrator
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Presentation Outline

e Hardware Architecture

« Metrological Characterization
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— Uncertainty contributions

 Phasor Analysis in Transient Events
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Presentation Outline

e Hardware Architecture
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Hardware Architecture

NI PXI
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Hardware Architecture
Time synchronization
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Hardware Architecture
Waveform generation
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Hardware Architecture
Phasor Data Concentrator (PDC)
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Hardware Architecture

Error assessment
O Error Assessment
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Presentation Outline

« Metrological Characterization

— Reference value definition
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Metrological Characterization
Reference values estimation

Signal model: generic time-variant noise-less power signal affected by disturbances:

x(t) = A(1+ £4()) - cos (2mft + @ + £, () ) + (D)

A, f, ¢y: amplitude, frequency and initial phase of fundamental component
€4, €p: amplitude and phase fluctuations (e.g. modulations)

n: DC, harmonic and inter-harmonic components and any transient condition affecting
the spectrum other than fundamental component transient
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Metrological Characterization
Reference values estimation

Working HP: £,4(t), £, (t) and n(t) are known a priori

Reference values assessment via non-linear least-squares (NL-LSQ) fit [1]

{A,f, qEO} = argmins||x[n] — X[n]||;

Input:  x(t) = waveform model
x[n] =» acquired waveform
P* ={A", f*, o} = initial guess (user-defined parameters)

Output: P = {A, f, (ﬁo} =>» reference values
§ =A-exp(lj 2nf nT; + po) => reference synchrophasor
£[n] = A - cos(2nfnTy + ¢o) = recovered fundamental tone
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Metrological Characterization
NL-LSQ estimation accuracy

We characterized the NL-LSQ accuracy in all the IEEE Std C37.118.1 static tests, by simulating 3-phase voltage
signals, with the same sampling rate, SNR and THD. The test signals have a duration of 5 s.

NL-LSQ provides the reference synchrophasor related to 60-ms windows with a reporting rate of 50 fps, in
compliance with P-class PMUs but better performance can be achieved with higher sample number.

Out of Band Interference Dependency on ADC Rate
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Presentation Outline

« Metrological Characterization

— Uncertainty contributions
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Metrological Characterization
Uncertainty sources

We evaluate the uncertainty contributions produced by the different blocks of the PMU calibrator, i.e. we perform a
thorough characterization of NI PXI 6682 and 6289 boards.

We compare the PMU calibrator estimates with the measurement provided by high-accuracy instrumentation:
 Amplitude: HP3458A digital voltmeter (DVM) with a resolution of 1 uV;

* Frequency: SR620 universal time counter (DFM) with a resolution 10 nHz.

e Initial Phase: we consider a 5s waveform processed with IpDFT [2] with a resolution of 10 nrad.

NB: hardware instrumentation guarantees optimal performance only in the absence of time variations / interference
=>» error characterization performed only in steady-state conditions.
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Metrological Characterization
Uncertainty sources

We identify three main error sources:

e DAC & ADC accuracy = affects magnitude, frequency and phase uncertainty;
 Time-base stability = affects frequency and phase uncertainty;

e Synchronization =>» affects phase uncertainty.

For each source, we consider waveform in steady-state conditions of 5s duration (corresponding to 248 estimates at
50 fps), and characterize the deviation between estimated and measured values in terms of:

1) mean value, u that is fixed =» can be compensated,;
2) standard deviation, o that is random = represents the actual uncertainty.

By assuming a Gaussian error distribution, in each test we evaluate the worst-case uncertainty as 3o range.
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Metrological Characterization
Synchrophasor magnitude uncertainty

In terms of magnitude uncertainty (MU), we compare the NL-LSQ estimates with DVM measurements (res. +1 pV).
The instrument is triggered by the same clock of DAC / ADC =» guaranteed synchronization.

As function of signal frequency, we determine a worst-case uncertainty MU < 12 uV (1 ppm @ full input range)
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Metrological Characterization
Synchrophasor phase uncertainty

In terms of phase uncertainty (PU), we should consider the contribution due to both frequency and initial phase. To
this end, we compare the NL-LSQ estimates with DFM and IpDFT measurements.

The instrument is triggered by the same clock of DAC / ADC =» guaranteed synchronization.

As function of signal frequency, we determine a worst-case uncertainty PU < 0.8 prad.
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Metrological Characterization
Time reference stabllity

Time reference error (TE): deviation between PPS of PMU calibrator (PXI-PPS) and UTC-CH (UTC-CH) in METAS.
Over two days, standard deviation 0< 11.5 ns, that corresponds to a phase uncertainty of 4 urad at 50 Hz.

In METAS, we also compare the phase noise obtained in 3 different setups:
e PXl only;
e PXl + GPS receiver;

* PXI + GPS receiver + atomic clock =» enhanced short-term variability
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Metrological Characterization
Internal synchronization uncertainty

Synchronization error (SE): initial phase displacement due to imprecise synchronization between DAC and ADC.
Three-steps procedure accounts for the initial phase contribution that can vary from experiment to another.

On varying signal frequency within [10, 1000] Hz, we obtain a worst case uncertainty SE < 4.85 prad
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Metrological Characterization
IEEE Std C37.118.1 tests

Based on MU, PU, SE and TE, we characterize the equivalent TVE provided by the PMU calibrator within the entire
test set of IEEE Std C37.118.1.

Test TVE [%] FE [Hz] RFE [Hz/s]

, ~ — — STEADY-STATE SINGLE TONE
nommal 2.03 . 10 2.29 . 10 2.29 s 10 TRUE VALUE@ HW |NSTRUMENT
signal frequency | 3.56-10"% | 4.31-107% | 4.31.1074
harmonic dist. 1.74-10~% | 4.19-107% | 4.19-1074
out-of-band dist. | 4.02-10% | 1.50-10"% | 1.50-10~¢

meas. bandwidth | 3.57-1072 | 1.34-1073 | 1.34.10"!
ampl. modulation | 2.53-107° | 6.40-10"° | 6.40-107°
phase modulation | 2.52-10"2 | 1.34-1073 | 1.34-10"!
frequency ramp 9.17-10~3 | 4.86-10"° | 4.86-10°

step change 4.24-10"% | 7.19-107% | 7.19.10~4

STATIC & DYNAMIC TESTS
TRUE VALUE€ USER PARAMETERS
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Presentation Outline

 Phasor Analysis in Transient Events
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Phasor Analysis in Transient Events
Step test implementation

x(t) =Al1+A;- -cos(2rft + @) k: determines the bandwidth of the transient event
1+ e~k(=Tr)

IEEE Std. synchrophasor representation: signal DFT consists of one / few narrow-band components, but during step:
* incomplete representation of entire signal information content

PMU accuracy evaluation based on TVE might loose significance

Amplitude Envelope

| Signal DFT in T
L1} — — k=5 1
e T k=50 | T
s, k=500 | - —- &
% - _ — — %
g Py £
cn e . %D 1
< .
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Phasor Analysis in Transient Events
RMSE-based performance evaluation

We compare the performance of three estimation algorithms, as function of increasing transient bandwidth k:
 NL-LSQ (non-linear fit, known signal model) [1];

e CS-TFM (dynamic signal model) [3];

e |IpDFT (static signal model) [2].

First, we consider the canonical TVE performance evaluation: 1 Maximum TVE
0 S Timit | gg o
] 10~ — — — & —O— 1
e NL-LSQ: almost independent from k; o /o
[ “ 1
X, o2 c -+ NL-LSQ 1
m
o - . : e 10/ lirni+- > —E— CS-TFM 60ms
CS-TFM: degradation, but within 1% limit; Z 03| P DET 60ms |
0 | Q-+ CS-TFM 100ms
. : +++ 3+ IP-DFT 100ms
IpDFT: error diverges as k increases. 05 h Ao D A A A A

5 10 50 100 500 1000
slope parameter k
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Phasor Analysis in Transient Events
RMSE-based performance evaluation

We compare the performance of three estimation algorithms, as function of increasing transient bandwidth k:
 NL-LSQ (non-linear fit, known signal model) [1];

e CS-TFM (dynamic signal model) [3];

e |IpDFT (static signal model) [2].

Then, we consider the RMSE discrepancy between acquired and recovered

fundamental time-domain trend: Time-Domain RMSE
500 samples : o NL-LSQ
—6— CS-TFM
(X[n] — x[n])? T S samples | —#— [P-DFT |
RMSE = 2 - w B %
n o 1E-3 Ne¢) I \
< I
(= 1
e NL-LSQ: performance almost constant over time; 1E-5f l
|
-AAAAAQAAAAAAA@AA
e CS-TFM, IpDFT: both error diverge, in the presence of step. A T 0.5

time [s]
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Presentation Outline

e Conclusions
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Conclusions

e We have derived the accuracy requirements needed by PMUs operating in ADNs and discussed the
inadequacy of the IEEE Std. C37.118.1, and particularly its 1% TVE limit.

e We have developed and characterized a highly accurate calibration system for PMUs in ADNs, that is
able to reproduce all the test conditions defined by the IEEE Std. C37.118.1.

e The developed PMU calibrator is characterized by a TVE = 0.00x % in static conditions and TVE =
0.0x % in dynamic conditions.

e We have discussed the validity and appropriateness of TVE as function of the observed signal
bandwidth, and proposed an alternative performance index based on the RMSE between acquired
and recovered fundamental trend in the time-domain.
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Motivation of the Work
Two-port equivalent line model

25-Apr-2018

Working HP: a PMU used to monitor an ADN must be capable of correctly
measuring the amplitude and phase angle differences at the extremities of a
transmission line for both voltage and current phasors.

Two-port equivalent model.

Jo -t A

| Q

2 Q

Metrological Characterization of a PMU Calibrator for ADNs



Motivation of the Work
Accuracy requirements derivation

2.

4.
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Definition of scenarios:

The nominal voltage of the line 4.16 <V}, < 36 [kV]

The line type (cable/overhead), and relevant parameters r,c, [, g
The line length 100 < 4 < 5000 [m]
The line load at the end of the line (S,, cos ¢,) or, equivalently, (P, Q,)
Computation of the the voltage and current phasors at the end of the line:

Vi + 0
g =2t
V3

B (Pe +er>*
I, = —V
e

Computation of the voltage and current phasors at the beginning of the line:

nl=1c

oll:]

Computation of the following differences and equivalent TVE:

\

(eym = Vol = Vel

SV,p = LVb — LVe
Vy = Vel’

TVE, = ——
e

fgl,m = |Ib| - |Ie|
Sl’p = le — Lle

I, — 1
TVEI=| b el
\ le
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Motivation of the Work
Simulation Results = Equivalent Voltage TVE

V,=4.16 kV V,=20kV
TVE voltage [%] (f0 =50 Hz; Vn =4.16 kV; Line: "cable"; PF = 0.9; Load: "inductive") TVE voltage [%)] (fO =50 Hz; Vn =20 kV; Line: "cable"; PF = 0.9; Load: "inductive")

5000 5000

4500 4500

4000 { 4000

3500 {1 3500
£ £
3000 3000
+— 4+
(@] (@)}
C 2500 2500
Q@ @
Q) 2000 Q) 2000 -
= =
—l1 1500 —1 1500

1000 1000

500 500

T i i T
0 500 1000 1500 0 500 1000 1500
Line load [KVA] Line load [kKVA]

« The equivalent voltage TVE is influenced by both line length and line load and
becomes smaller as the line gets shorter and/or the power flow smaller

o Particularly with higher nominal voltages, the related PMU requirements become
quite challenging
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Metrological Characterization
NL-LSQ numerical stability

{/T,f, QBO} = argmins|[x[n] — x[n]||;

The considered optimization problem is strictly non-convex, and thus numerically ill-conditioned.
The convergence to optimal solution depends on the initial guess P* = {A", f*, @o}.

Given the true values P = {1, 50, i}, the confidence interval that

guarantees convergence to optimal solution ™"

phase [rad]
A

A"=09+11

a=1 /2
fr=48+52  EEEEp f=50
po = (m +3m)/2 Qo =T 0
0.8 0.9 1 1.1 1.2

magnitude [a.u.]
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Metrological Characterization
Internal synchronization uncertainty

Synchronization error (SE): initial phase displacement due to imprecise synchronization between DAC and ADC

1) ADC+DAC initial phase: typical calibration procedure, signal generated and simultaneously acquired,
then processed with IpDFT [2] = ¢l4c+4PC

~ LP Post -
DAC Filter ADC Process

PPS triggered
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Metrological Characterization
Internal synchronization uncertainty

Synchronization error (SE): initial phase displacement due to imprecise synchronization between DAC and ADC

1) ADC+DAC nitial phase: typical calibration procedure, signal generated and simultaneously acquired,
then processed with IpDFT [2] = ¢l4c+4PC

2) ADC initial phase: subPPS signal derived from internal clock, synchronously acquired by ADC
and processed with IpDFT [1] = ¢4P¢

s sPPS

~~— JUUL
LP Post - Clock LP Post -
DAC Filter ADC Signal > Filter ADC Process

PPS triggered sPPS triggered
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Metrological Characterization
Internal synchronization uncertainty

Synchronization error (SE): initial phase displacement due to imprecise synchronization between DAC and ADC

1) ADC+DAC initial phase: typical calibration procedure, signal generated and simultaneously acquired,
and processed with IpDFT [2] = ¢pFA4c+4DPC

2) ADC initial phase: subPPS signal derived from internal clock, synchronously acquired by ADC
and processed with IpDFT [2] = ¢4P¢

3) “Only DAC” initial phase: subtraction of 1) — 2) = pAcTAPC — paPl = pDAC

s sPPS
~~— JUUL
- — ] Clock Lp Post -
DAC Filter ADC Signal > Filter ADC Process

PPS triggered sPPS triggered
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Metrological Characterization
Phase definition in transient

Actual metering devices sense steps (particularly phase/frequency) not only as a succession of two different steady-
state conditions, but as large frequency (and thus ROCOF) variations

=» problems for frequency-based applications (e.g. load shedding)

Possible solutions:

1) Enlarging the window length =» worse response time;

2) More complex signal models to account for time-varying trend = increased complexity

— Static signal model (Fourier series analysis) x(t) = A(t) - cos(2rft + ¢pg) = A(t) - Cos(B(t))
. : _ tk [p* 1jenft o @ _ijanse
— Taylor-Fourier signal model (Frigo et al.) x(t) =R Zkg N +—e

— Underlying freq. signal model (Kirkham et al.) x(t) = A(t) - cos(@(t) + tp(t))
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Metrological Characterization
Performance indices

Given a general sinusoidal signal and the corresponding synchrophasor representation

x(t) = A(t) - cos(2mf ()t + ¢o(2)) = A(t) - cos((t)) X(t) = A(t) - e ¥®
and the estimated quantities 4, f, quB, we can retrieve the time-domain and synchrophasor representations:
2(t) = A(t) - cos (2nf ()t + Po (D) ) 2(t) = A(t) - eV PO

Performance indices to assess the estimation accuracy:

1) TVE (IEEE Std) relies on synchrophasor model

v — 2
2) RMSE (Frigo et al.) relies on time-domain RMSE = \/Zn (x["]Nx["D

A
 2n(x[n]-%[n])?

3) GoF (Kirkham et al.) accounts also for model d.o.f. GoF = 201log

1
(N-m)
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