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General PMU architecture "nws'mf@
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Fixed-filter PMU architecture Universityof @
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Frequency-tracking PMU architecture &=y g
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Gain (dB)

Reference vs. Tracking filter example g";;;'{vﬁ;w A
f,=50, Reporting rate 50 Hz
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===\ Reference (C37.118.1a-2014) response

= [ilters to meet C37.118.1a amendment : Tracking filter
---------- Lower (Tracking) mask limit
----- Upper (Tracking) mask limit

Lower (C37) mask limit

Upper (C37) mask limit
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he effect of m_odulatlon in the Strathclyde
bandwidth test
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Reference vs. Tracking filter example st g

: Strathclyde
f,=50, Reporting rate 50 Hz
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Bandwidth test — TVE Strathclyde

TVE performance and requirement

Bandwidth test
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Bandwidth testing
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C37.118.1a-2014

F & ROCOF
performance Error requirements for Compliance
limits
V.
P Class V M Class ;
Reporting Rate
F. (Hz) Max FE Max RFE F. (Hz) Max FE Max RFE
Fs (Hz)

10 1 0.03 0.6 2 0.12 23

12 1.2 0.04 0.8 2.4 0.14 33

15 1.5 0.05 1.3 0.18 5.1

20 2 0.06 2.3 4 0.24 9.0

25 2 0.06 23 5 0.30 14

30 2 0.06 23 5 0.30 14

50 2 0.06 23 5 0.30 14

60 2 0.06 2.3 5 0.30 14

Formulas min(F¢/10,2) 0.03 *F, 0.18*m*F, 2 in(F/5,5) 0.06 *F, 0.18*7*F, 2




Bandwidth test — Frequency Error (FE)
& ROCOF ERROR (RFE)

Bandwidth Fr (Hz)
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Gain (dB)
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Reference vs. Tracking filter example
1,=50, Reporting rate F(=50 Hz
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===M Reference (C37.118.1a-2014) filter response
= [requency-tracking filter response (Phasors)

== Frequency-tracking filter response (Frequency)
----- Frequency-tracking filter response (ROCOF)
-+ Upper mask limit

-5 Lower mask limit for Phasor filter (all designs)
=¥~ Lower mask limit for Frequency filter (all designs)
~E3- Lower mask limit for ROCOF filter (all designs)

Frequency in filter (Hz)




Gain (dB)

Reference vs. Tracking filter example g";;;'{vﬁ;w A
f,=50, Reporting rate 50 Hz
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===\ Reference (C37.118.1a-2014) response

= [ilters to meet C37.118.1a amendment : Tracking filter
---------- Lower (Tracking) mask limit
----- Upper (Tracking) mask limit

Lower (C37) mask limit

Upper (C37) mask limit
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Frequency error during OOB testing Strathclyde

Interharmonic at 2xf,,
Radius AF(f,;-f7)
* where 4=0.1 pu

«  F(fyf7) is filter gain at (f;,-f7)
« Deviation rotates at 2x(f,,-f)

Frequency deviation Trajectory speed
21 (fi=f) - AF(fi=fT)  at closest approach

2m - (1= AE(fy /1)) 2m-(furf) - AFprf7)




Determining the required filter Mask & @

) Strathclyde
for OOB testing
Frequency deviation Frequency deviation
2 Unr DA D s o () - AP D)
2n - (1= AF(fy~/T)) 2 (1 ”;E_f —7)

fin SIS G — )

I \
! \
I \
Minimum separation \
of the interharmonic
from the tuned
(heterodyne) frequency.

Sets the width of the mask.

Maximum separation
of the interharmonic
from the
fundamental frequency, when
(fig — fr) is minimum,
sets the gain (attenuation)
Required at the “closest” mask point.



University of %

Out-of-Band testing, f=f, Strathclyde
All algorithms

. _ Fs
fo = Nominal frequency (Hz) Minimum.fy; (upper) (f 03 )

f = Actual fundamental frequency (Hz) F

fr = Tuned frequency (Hz) Minimum (f,, - f7) = (fO T ?S) —Jo =
I

Frequency in filter = (fy; - f7)

)
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Maximum (f,, /)= (fo + =) = fo =

Mask width is “normal” (?) and ( f, - f) tracks exactly with ( fy;; - f7).



Out-of-Band testing, f=ﬁ,-’;—g Universiyo @

Strathclyde
Fixed-filter algorithm

.. 3 Fs
fo = Nominal frequency (Hz) Minimum f,;; (upper) = (f ot )

J = Actual fundamental frequency (Hz)

fr = Tuned frequency (Hz) Minimum (f,, - f7) = (fo + 7) —fo =
I

Frequency in filter = ( f; - 1)

A
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1 H A)
b \

1 : \

| I \

1 _ \
:fT _fo \

F \
f:fo_z_g Maximum (fy; - /) = (fo + %) — (fo—;—g

Mask width is “normal” (%) but gain needs to be reduced by 20 - log (1—11) = 0.83 dB,
at the closest frequency, from what you might expect.



Out-of-Band testing, f=f0+% Universityo g

Strathclyde
Frequency-tracking algorithm

.. _ Fs
fo = Nominal frequency (Hz) Minimum f,;; (upper) = (f ot )
f = Actual fundamental frequency (Hz) - .
fr = Tuned frequency (Hz) Minimum (f,, - f7) = (fo + 75) — (fo + 2—3)

Frequency in filter = (fy; - f7)

>

I
I
I
I
I
4

N

N
-7

SRR S
-

|

7 \
_y_p Fs 7
f_fT_foJr% “ Maximum (S -H = (fo + %) - (fo+§—§ - @

Mask frequency width is reduced by 10% from (%) but gain can be 20 - log (0—19) = 0.92 dB higher,
at the closest frequency, from what you might expect.



Simplified OOB requirements and Urhiveckysf

Strathclyde
examples, f,=50 Hz, ;=50 Hz
| S A ]
10% (tune to 52.5 Hz, OOBs fixed as for fn}
-20 i -
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Frequency in filter (Hz)
=== Reference (C37.118.1a-2014) filter response
- Frequency-tracking filter response (Frequency)
------- Upper mask limit for Frequency filter (Fixed-filter designs)
===-Upper mask limit for Frequency filter (Frequency-tracking designs)
""""" Indication of 10% filter mask reduction (Frequency-tracking designs)




Simplified OOB requirements and gnit“r;?ﬁfclyde
examples, f,=50 Hz, ;=50 Hz
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Gain (dB)

Cascaded boxcar filters, University of

£,750 Hz, F=50 Hz

Strathclyde
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===\ Reference (C37.118.1a-2014) response

= [ilters to meet C37.118.1a amendment : Tracking filter

---------- Lower (Tracking) mask limit
----- Upper (Tracking) mask limit
Lower (C37) mask limit
Upper (C37) mask limit




Weight

Single cycle boxcar windowffilter : Fadc = 0.8kHz, f0 = 50Hz

|—Single cycle boxcar window/filter weight|

1 [‘¢¢¢¢¢¢¢¢¢¢¢¢¢‘\
0.8 / \
0-6 f \
04 / \

0-2 / \
0p—6—6—0 F—6—6—0
-00.2015 -0.01 -0005 0O 0.005 0.01 0.015
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£ 06
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= 04
0.2
0

'qt?.oz -0.015 -001 -0005 0 0.005 001 0015 0.02
Time (ms)

Amplitude Response (dB)

University of

Boxcar filter properties Strathclyde

Single cycle boxcar window/filter response : Fadc = 50kHz, f0 = 50Hz

\..l—Single cycle boxcar windowf/filter response (dB)| ............... -
\N\ A~
0 50 100 150 200 250 300 350 400
Frequency (Hz)
0 |—Sirngle cycle bo‘xcar window,'flilter responsel (dB)\ 4
o -10f .
2  E—
@ 20t 1
c
2
.30
@
o 40
E
£ -50¢
Q.
E -60F
_70,
0 100 200 300 400 500

Time (ms)



Gain (dB)

Cascaded boxcar filters example, g";j"r;'ﬁ;’;wde
f,=90 Hz, F =50 Hz
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===\ Reference (C37.118.1a-2014) response

= [ilters to meet C37.118.1a amendment : Tracking filter
---------- Lower (Tracking) mask limit
----- Upper (Tracking) mask limit

Lower (C37) mask limit

Upper (C37) mask limit




Cascaded boxcar filters example, =

Strathclyde
f,=50 Hz, F ;=50 Hz
0 - L L L L |
] . . T e L —
D e -
o)
=
S -60 P R T L L I T .
'S NN TN TN
g 1 t‘ ;; \ll”; ‘1 "f ‘ii ;. \‘Il :!
1 i i
)| R [ ¥ e & A N s R S S ! }g -
y
I
T e B | B A B R R e | -
!
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O Primary filter zeros

Beat Frequency (Hz)

===\ Reference (C37.118.1a-2014) response
= [ilters to meet C37.118.1a amendment : Tracking filter
---------- Lower (Tracking) mask limit
----- Upper (Tracking) mask limit
Lower (C37) mask limit
Upper (C37) mask limit




Cascaded boxcar filters example, =

Strathclyde
f,=50 Hz, F ;=50 Hz
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O Primary filter zeros

Frequency filter
Additional zeros

Beat Frequency (Hz)

===\ Reference (C37.118.1a-2014) response
= [ilters to meet C37.118.1a amendment : Tracking filter
---------- Lower (Tracking) mask limit
----- Upper (Tracking) mask limit
Lower (C37) mask limit
Upper (C37) mask limit




Cascaded boxcar filters example, Universityof

£,750 Hz, F=50 Hz

Strathclyde

Gain (dB)

10

O Primary filter zeros

Frequency filter
Additional zeros

20 30 40
Beat Frequency (Hz)

===\ Reference (C37.118.1a-2014) response

= [ilters to meet C37.118.1a amendment : Tracking filter
---------- Lower (Tracking) mask limit

----- Upper (Tracking) mask limit

---------- Lower (C37) mask limit

----- Upper (C37) mask limit

100

O “Harmonic” zeros

Frequency filter
“harmonic” zeros



Cascaded boxcar filters example, University of @

Strathclyde
f,=90 Hz, F ;=50 Hz

Gain (dB)

-30%0 100 150 200 250
Frequency in filter (Hz)

-==M Reference (C37.118.1a-2014) filter response

= requency-tracking filter response (Phasors)

== Frequency-tracking filter response (Frequency)

""" Frequency-tracking filter response (ROCOF)




Cascaded boxcar filters example, University of @

£,750 Hz, F=50 Hz

Strathclyde

Gain (dB)

0 200 400 600 800 1000
Frequency in filter (Hz)

-==M Reference (C37.118.1a-2014) filter response envelope

= requency-tracking filter response envelope (Phasors)

== Frequency-tracking filter response envelope (Frequency)

""" Frequency-tracking filter response envelope (ROCOF)




Cascaded boxcar filters example, Universityof @

Strathclyde
f,=90 Hz, F ;=50 Hz

\1\1\ 214 \ 2 \ 2 \11/2\1:

_a__l
e Primary filter a3 > [
10 cycles, ~200ms at /=50 Hz J
Latency ~5 cycles, ~100ms at /=50 Hz Additionlal
Frequency (and ROCOF)
T filtering

0.8f

time

Filter Weight (normalised)
o
.

0.2F
0
0200 -50 0 50 100
Time (ms)

===M Reference (C37.118.1a-2014) filter weights
= [requency-tracking filter weights (Phasors)
== Frequency-tracking filter weights (Frequency)
""" Frequency-tracking filter weights (ROCOF)




Example software architecture

f feedback f_F

filter_contral

Trigger

University of

Strathclyde

P

I—b

f feedback f_F

Trigger

filter_contral

average over
2 cycles

i Class filter 2 AJ

average over

*V

2 cycles

=
wabo wabc! . - n \
| Fourier correlation & ("'tick'?) 7
“abc
ADC scaling and % - Real. Imag x 3 Mag, Phase x 3
de-skewing (if required) ) Real, mag x 3 | 1 cycle . Real, Imag | 9
. X - ' t]
- - Sin & Cos integration 1 cycle to -
SineiCozine waveforms — average Mag. Phase average aver
Mixing A Fourier correlation Al ' 9. e 2 cycles
P Configuration (1 cycle average) I > 4 M 1 filt 12
ass filter
) . |
i Configuration 1 [2 cycles average) Harag I
M Configuration 2 (2 cycles average) I
Filter configuration & abs Fourier ! Filter Path B ("'tock")
* > |
X Real, Imag x 3 i 1 CY':'_E . Real, Ima
Sin & Cos integration 1 cycle ta 4 :
SinedCosing wavetorms — average hla Phase average owver
Mixing B Fourier correlation B g I 2 cycles
P Configuration (1 cycle average) M 1 Tilt 1B
ass filter
i Configuration 1 [2 cycles average) \v /-
M Configuration 2 (2 cycles average) s

Filter configuration B

phasors_uncal

G

phasors_uncal_P

P Class? phasors_uncal_i

A

phasors_uncal

A okt o
b Full
filter_cantrol H > S
= el calibratian
B "tock" T [t

L

Fositive Mag
sequence
calculation  Phase

Timestamp

Note: Within the entire Frequency, ROCOF and feedback path
which governs the frequency tracking, ALL processing includes 2
duplicated parallel paths (A, "tick™ and B, "tock™).
Selection of the final answer is only made at the
very end of the filter using the "filter control™ switch.

] Fasitive tag Bl
Patial | sequence
calibration calculation  Phase (7 dB) 7 (2%pD) >
>

f feedback

—

f_F Configuration (1 or 1/2 cycles average)

Filter configuration (Freguency averaging)

f feedback

Filter contral

Timers and
state management
to reset, configure,

and rmanage

the parallel
filter paths.

filter_control

Extra Fregquency
and ROCOF
Aweraging
over
1 cycle (P)

—

ar 172 cycle (M)

Fhase-by-phase outputs

Il Class filter 2 B

phasors_uncal W

+ve seq Magnitude

+ve seq Phase

A k"

P

filter_control

-

Frequency
correction
due to ROCOF
and
extra frequency

¥

averaging

B "tock"

& k!

filter_control

P
'

-

A k!

P

" Frequency

LA A

r_\
[Fiter_contral =l M

B

& Mtk

-

1

4

f_feedback

"tock!

filter_control

B tock" T

A k"

P

aF7 dt

-
filter_control
-

B "tock"

LA

Unit Delay

Frequency without extra averaging

ROCOF without extra averaging
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Code execution speed Strathclyde

« 30-60us Typical execution time per frame for M class PMU
(Motorola MVMES500). Supports >10kHz reporting.

« Calculation rate does NOT increase for longer-window (lower
reporting rate) devices, as long as the NUMBER of cascaded
boxcar filter sections is kept constant.

— But fast-access memory requirement does (<« Window length).

« Can easily be extended to “Harmonic PMU” applications.

— # Calculations expand <N harmonics, memory expands «N
harmonics and « Window length

« Compare with

— Least Squares and “TFT” algorithms, # calculations proportional to
window length

— FFT algorithms for harmonic PMUs, # calculations proportional to
(window length)*log(window length)

— Kalman filter methods, # calculations proportional to the number of
filter zeros squared (matrix multiplications).
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Non-standard tests and real-world conditions Strathclyde
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Unfinished work - Increased fault tolerance for frequency g'tmr;?l':fclyde

and ROCOF - 27th August 2013 example — P class

mm (] Sign in News Sport Weather iPlayer v
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27 August 2013 Last updated at 13:41 | FRw R

Power outage in Glasgow after worker hits
live cable

----- Phase A voltage (pu)
----Phase B voltage (pu)
——Phase C voltage (pu)

.

AP

gl

-l

!“ :_;:.

awm

The worker was injured after making contact with a live cable on a building site
in Allan Glen Place

Voltage (pu)

A worker has been injured after making contact with a live cable
at a building site in Glasgow city centre.

ek
R -
== R R T e

By

Police Scotland said there was a short power outage in the north of the
city following the incident at Allen Glen Place at about 12:00 on Tuesday.

The injured man was taken to nearby Glasgow Royal Infirmary. Details of
his condition are not yet known.

TID
L oy

Emergency services remain at the scene. The incident has been reported
to the Health and Safety Executive.

—_
—_
N
—
FS
—
()]

Scottish Power officials are also at the scene. TI me (S)

It is understood that people in the area reported hearing a "loud bang
and explosion” when the incident occurred.

The power supply was restored a short time later.



Unfinished work - Increased fault tolerance for frequency

and ROCOF - 27t August 2013 example — P class

News Sport Weather iPlayer

EE @ Signin

NEWS cLAscGow & WEST SCOTLAND

N.lreland @iEUTE Wales Business Politics = Health Education

Home World UK  England Scil

Seotl

Highlands & Islands

<= LiVET

d Politics = Scotland Edinburgh, Fife & East Glasgow & West

27 August 2013 Last updated at 13:41

Power outage in Glasgow after worker hits
live cable

The worker was injured after making contact with a live cable on a building site
in Allan Glen Place

A worker has been injured after making contact with a live cable
at a building site in Glasgow city centre.

Police Scotland said there was a short power outage in the north of the
city following the incident at Allen Glen Place at about 12:00 on Tuesday.

The injured man was taken to nearby Glasgow Royal Infirmary. Details of
his condition are not yet known.

Emergency services remain at the scene. The incident has been reported
fo the Health and Safety Executive.

Scoftish Power officials are also at the scene.

It is understood that people in the area reported hearing a "loud bang
and explosion” when the incident occurred.

The power supply was restored a short time |ater.
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Unfinished work - Increased fault tolerance for frequency ;s g

Strathclyde
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Future considerations/work: Strathclyde

* Implement in hardware!

« Continuing input to standards development.

* Accurate revenue metering.

« Synchronised Power Quality assessment and PQ “metering”!

« Combinations of adaptive and fixed boxcars to provide
“Uniform Aggregated Weighting” (Welch’'s method) via
repeated windows at fixed (i.e. 20ms) intervals, while also
providing adaptive-zero-placement for off-nominal frequency.

* Integrating PMU algorithms within HVDC controllers?

« Aggregation of PMU ROCOF data across a geographically
wide network to determine “system ROCOF” and required
“inertial” responses.

— “Enhanced Frequency Control Capability (EFCC)” with National
Grid, Alstom, Belectric, Centrica, Flextricity & University of
Manchester.
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