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But‘me

* Impedance measurement system at NREL:
— Grid simulator, dynamometer, medium-voltage data acquisition

¢ Sequence impedance measurement:
— Reference frame, relation with DQ impedance measurement

* Power impedance measurement:

— Analysis of reactive power oscillations
— Weak inductive grid provides damping.
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ri Imulator

* Rating: 7 MVA continuous
and 39 MVA short-term

I \
I

(2s)
 4-wire, 13.2 kV
‘;x«% * Response time: 1 ms
F—— N : * Independent control of all
g A three phases
| * Programmable impedance
. :jnterf?ced vlvith rgal-time
igital simulator
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~ Nacelle
under testing

Dynamometer

Can host
nacelle of up
to 5-MW
rating

Can emulate
different
wind
conditions.
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Di#erent Types o! Perturgations

* Seq.pert.at477 Hz: * Voltage magnitude
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Representations o! Seq. Agmittance

1. Transfer matrix:
|:Ip(S+j(x)1):|_ Ypp(s) an(S) |:Vp(S+j0)l):|
I(s—jop) | | Yap(s) Yon(s) || V,(s—joy)

2. SISO transfer functions:
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while V, (s —j2m,) = 0

while Vp(s +j2m,) = 0

_________________________

3. Grid-dependent impedance:

V1o (8) Yn(s)

[Ypp(s) an(S)} In(s —j0)1) - : ) Yp(.s, Zg)

Converter

Ex: Positive-seq. admittance of wind turbine:
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Impedance Sweep

PQ_F17_DSC_BESS_000ZH0 1pS_3018_05_18_11_42_24.1dms
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Y,(s) =

() =

Yqa(s)

while V (s —j2m,) = 0
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10 Hz 100 Hz 1 kHz

Admittance of a 1.9-MW Wind Turbine

Seq. admittance measurement: DQ admittance measurement:

Blue lines: derived from
sequence measurements

Pink lines: direct DQ
measurements
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Re!erence Frame o! Seq. A!mittance

Positive-sequence admittance: Coupling admittance:
I (s) I (s—j2m,)
= _L — n
Tps) Vy(s) Yels) V,(s)

The reference frame of the sequence impedance is defined by the starting point of the data window
used for FFT analysis with respect to the fundamental trajectory of voltages.
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Applications

* Model validation: * Resonance analysis: * Qrid-forming inverters:
50 10* 60
a 40 f‘ l @ X X 5541 a 50}-Grid Following ‘L’i /&7\
{ 10% 409,
% 30 AN JJ E rum g 40 \‘ﬁi ' Xxj
:‘é 2 g ind % 3 Zgia($) i *go 30
o= ')r) . : §
% 10 /f/ 10101 10° : 10° W= Grid Forming
= 0 200 : 10
1 5 10 50 100 5001000 _ N 2%)%HZ 100 Hz 1 kiz
200 % 1007 (5o 4 Following
5 100 by pe 3 Y ~ /
3 P M~ T 2 G 100
z AW Ew g
o /’;‘ I I 200 - % = "ﬂf Aj’ﬁ’ \\\X
é’ 100 ! 102 10° é 0 \o\of/w 7 \C\
A~ 200 / Res. Freq.: 554 Hz  Phase Margin: —4.5° =301 Grid Forming
Inyerter Output Currer}ts _1 ?8
3001 5 10 50 100 5001000 20} pe— Hz 100 Hz 1 kHz
Blue: measurements of 4-MW DFIG €0 | Positive-seq. impedance of a 2.2-MVA
Red: PSCAD model from OEM 200 inverter for GFL and GFM operation

(( \EEE modes
AR e
Power & Energy Society®



Reactive Power BsaHatlons

e 4-MW wind turbine at NREL: * Hornsea Wind Plant in U.K.:

— 1.2-Hz reactive power — Hornsea plant output
oscillations following a 1% step experienced reactive power
change in voltage. oscillations before the major

T T T blackout event in August
os| | _ 20109.

— The frequency of reactive
power oscillations was 8.5
Hz, and it was excited by a
small (2%) step change in the
voltage magnitude.




Power Aamlttance o! tHe Turgme
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Turbine-1 Turbine-2 Grid

e Reactive power flow as instantaneous current
* Voltage magnitude as instantaneous voltage
* Inductive grid acts as a resistor for reactive power dynamics.
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* Strong grid (L, = 0): *  Not-so-strong grid (L, = 8 mH):
1 ' ' ' ' 1
057 ' 0.5}
C | =
> i > 0 :
0.5+ 1 -0.5} 1
-1 - - - - 1 ' - - ' -
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Weak grid damps reactive power oscillations from wind power plants.
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Summary

* Multimegawatt grid simulator for impedance testing
* Sequence impedance measurement should consider
frequency coupling effects and reference frame.

— DQ impedance can be obtained from sequence
measurements.

e Voltage magnitude and frequency perturbations for
power-domain impedance measurement

— Evaluation of active and reactive power oscillations.
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