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* Impedance of three-phase systems
— DQ and sequence domain

— Correct definition of sequence impedance
* Frequency coupling effects

— Impedance measurement of a 1.9-MW wind turbine
* Impedance in phasor domain
* Coupling between AC and DC power systems
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New Stability Problems
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Challenges: (1) diversity of controls in inverter-based resources,
(2) unavailability of high-fidelity dynamic models, and (3) complex dynamics

< IEEE

@ES

Power & Energy Society®

shahil.shah@nrel.gov

-1.0

2.0
-3.0 — —
9.5 9.6

jww V]”H i ’H”[’ L

\‘T

5 mnml“k | ‘H wh l““ [ ‘!\
Y

3.0

0
-20 : ; : : :
101 100
A : n I

2.017
1.0

ofift)

1(s)

9.7



Impedance-Based Stability Analysis
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* Nyquist criteria is applied to Z,(s)/Z(s) or Z,(s)-Y(s).

* How are impedance Z{(s) or admittance Y,(s) defined?
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Admittance of Three-Phase Systems

* DQ domain: * Sequence domain:

Va(s)

y 5 cos 0 cos(e - 2?“) cos (6 + 2?“) v, Vp(s) 1 1 32 2’ v (s)
d — 3 v, v.(s) 3[1 a all ?

v —sin6 —sin(e - 23_11) —sin(e + 23-“) v, Vels)

where a = /%3

where 0 = 2nfjt + ¢, = phase of v, — Uncoupled:

I Y, Y, v, s i

a(s) _ dd(8) Yaq(s) || Va(s) Yp(s)zlp() Yn(S)zln()

I,(5) | | Yoa(9) ¥oq() || Vy(5) V() V,(s)
— Coupled:

— Reference frame defined
by 0 [lp(s)}:r/pp(s) an(s):H:Vp(S)}?????

In(S) an(S) Ynn(S) Vn(S)
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Frequency Coupling Effects

* Three-phase VSC: * Flow of perturbations:
o] L~ e /
Vie {:;‘fo—fm % D o V(s +jop)
my mhsz EE« [dq(S) qu(s)
¢l o e BIT V,(s—jo;) / M, (s—jo,)
el—l_l L Current control = = / =
dq Current
Control Iy
:Z:ab: E’H > mmm j o All active devices—inverters, wind turbines,
> N —
e Tq K= FACTS/HVDC, synchronous generators—

have frequency coupling effects
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Perturbation in DQ and Sequence

* DQ domain: * Sequence domain:

c

V, vy

o

o

Frequency spectrum:

Ve T b 5Hy Vde T Y I5H
o Vy Vv o s
Va Vg * Y sHy b tas Hz{ bt sh
A S hHo 0 h hh
Note: Mirror image perturbation components are H_j H_}

tsh for clarity.
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Correct Definition of Sequence Admittance

 Sequence domain: * DQ domain:

Positive Sequence R R
v = vy = Vicos(¢,)+ Vpcos[2nj;,t+ (I)Vp] + VnCOS[anpt-i- b

‘ Vicos(2mfit+ )+ f/pCOS[2TE(/;, et d]l T
Vacos[20(f, )1 + by v, = Vysin(dy) + V,sin[2nft + .01~ Vusin[20f, + d,]

Negative Sequence

: , Iq(s)| | Yaa(s) Yaq(s) || Va(s)
I:]p(s+](01):|:|:Ypp(S) an(S)HVp(sHm)} I(s) | [Yea(s) Yoq(s) || V()

1,(s— joy) an(S) Yon (5) Va(s—jor)
— Frequency coupling — Relationship
Va(s)| _ 1 19| 7,(s +jo,) _ |11 11
effects [m] » f}!mml) Yoo L‘ JYPNL j
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Representations of Sequence Admittance

1. Transfer matrix: 3. Grid-dependent impedance:
Ly(s+jor) ] [Yop(s) Yon(s)|[V, (s + jooy) JE—— hstio) |
I,(s— joy) Yop () Yan($) || V(s — joor) : V,(s+jo) A | - I:]Z (s+jop)
. | [YpP(S) an(S)} i (5= - : ] )_’p(_.s,_Zg) ___________
2. SISO transfer functions: [ Do) Yl o Yoo
' (s—jo) (s—jo)
I (S) : Fo! ]
Y, (s) = | .
V ( ) . . ' Converter Grid '
Ve ey [ MR 20) =0 S
Y (s) = W Ex.: Positive-sequence admittance of a wind turbine:
p 400
— IH(S) o :40 SCR: 163 300 SCR: 1.65
"I hile ¥ (s +/20) = 0 ; Tﬁ\v - AV"‘ L
_ while V(s +j20,) = 2 - SCK: 10 S
I (s+j2m,) P ? I OURY
Yen(s) = W E_m v 0 ]
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Impedance Measurement at NREL
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Impedance Sweep
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Admittance of a 1.9-MW Wind Turbine

* Seq. admittance measurement: * DQ admittance measurement
( s) Yq4(s) . Yyq(s)
(S) V ( ) a—m o -1 5
L (s—i26) while V(s —j2m,) = 0 5-?2-_/\\/@/,\/ T }E Blue lines: derived from
L(s—j20, .
Yop(s) = A 2 "IN~ Sequence measurements
p 01Hz 1H  10Hz 100Hz IKkHz OlHz 1Hz  10Hz 100Hz  IKHz
-10 2
—_ T I -10 ‘ = "“""’a%\ . . .
/M 2 o | Pink lines: direct DQ
o 20 Y (s) Y (s) —20t Y (s) | g8 /
o sobe ) ‘é erl5) 20 1(5) ep(5) 3 Wﬂf’\f o measurements
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Reference Frame of Sequence Admittance

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 fast Fourier transform analysis with respect to the fundamental trajectory of voltages.

ZYC(S)‘ = LYC(S) | +20 Phase response of Y (s)
¢y =0 by = o 300 S ———

KN 200 }\\ lg Ref. frame aligned
steady-state T i Ref. frame not aligned
A Al BVl TR

4 Q 0 o
l?gﬂet;trebiztion ; v 'é:? -100 ‘H g fﬁkﬂ\d/ LEL
FFTwindow —— .4 —~200 M N \D\“‘o
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Phasor Domain Impedance

* Perturbations in phasor domain:
v, = [V, + I>mcos(2nj’}7t+ byp)lcos[2nfit+d, + I>9cos(2nj§,t+¢ve)]

vy = [V + VipCos(2f,t + by) 1008 [20f, 1+ by — 270/ 3 + Voeos (2nf,t + dyg)]

4

Ve = [V)+ Vincos(2nf,t + ) 1Cos[2f 11 + by +21/3 + Vocos (2, + dyg)]

* Phasor impedance: * Relation to DQ and sequence:
Vm (S) me (S) Zme (S) Im (S) |:Vd (S):| _ |:COS (I)Vl _Vl sin ¢V1:||:Vm (S):l
Vo (s) B Zom(8)  Zgo(s) || Lg(s) Ve(s) | |sindgy; Ficosdyy || Vo(s)
Maps magnitude and angle perturbations [Vp (s+j (DI)} _1 /N j1hel® |:Vm (S)}
between voltages to currents Va(s—joy) | 2 Vo (s)
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Phasor Impedance of Basic Elements

* Three-phase R-L branch: * Constant power AC load:
— Sequence impedance: S= P+ j0=3VI" :3(%ej¢vlj[%ej¢n]

Zy(s) = Z,(s) =R+ sL
_ — Separating mag. and angles:
— Phasor impedance:

3
IR+ jwy L]+ sLcosyn  —sLI; cosdi |S| = EVI 1 arg[S]=dy; — i
Zyio = sLsin ¢;1 i sL cos ¢;1 ]
Vi R+ jwr L] S Taking differential:
— Phasor impedance in steady- SU-dh+dA-h)=0  ddy—dg;; =0
state (s = 0): v,
V()] [|R+jorZ] 0][1,(s) {Vm(s)}: - Y {Im(s)}
Vo) | 0 1[I0 ols) 0 1|50
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Coupling of AC and DC Power Systems
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Three-Port Model for AC/DC Coupling

* |nverters/HVDC: * Synchronous generators:

v, i
o—] e A RN
+ .
Vi I
& ol — f o

Vv,
o—1

Ie(s) | [Xs(®) Yop(®) Yu@ || Vae(®) Ir(s) ] [Y(®) Yp(s) Y@ | 7p(s)
Ly(s+ joy) [=] Yps(8) Yop(s) Yon () || Vpls i) | | 1(s+ o) |=| Yog(5) Ypp(s) You(s) || V(s + jooy)
I (S ](Dl) i ns(S) an(S) Ynn(S)_ Vn(S_j(Dl) In(S_j(Dl) _Yns(S) an(s) Ynn(s)_ Vn(S_j(Dl)
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AC and DC Impedance with Networks

HVDC converter: DC impedance, Z,(s): AC impedance, Z, (s):
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Summary

* Sequence impedance must account for frequency coupling effects.
* Sequence and DQ impedances are mathematically equivalent.

* Sequence impedance is better suited for stability analysis.
— DQimpedance is sometimes better suited for modeling.

* Phasor impedance shows relationship with models used in transient stability
programs.

* Three-port impedance models can be used for evaluating interactions
between AC and DC power systems through HVDC converters and inverters.

* Future development: Use of correct definition of sequence impedance for
stability and fault analysis.
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