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EMT and Frequency-Domain Analysis

* Frequency-Domain Analysis Offers Several Advantages
« Very Efficient, Easily Scalable
* Predict Stability and Stability Margin

« Additional Advantages of Impedance-Based Frequency-Domain Methods
 Input/Output Models Protect Internal Design IP

« Leverages Linear Network Theory in System Modeling

« Easy Model Reduction by Aggregation and Equivalent Circuits
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Simulation vs. Frequency-Domain Analysis of Stability
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Linearization of EMT Models

« EMT Models are Nonlinear in General
* Direct Linearization Leads to Linear Time-Periodic (LTP) Models
[x(wit) + Ax] - [y(w1t) + Ay] = y(w1t) - Ax + x(w4t) - Ay

« Solution: Harmonic Linearization
« Same Principle for Analytical Modeling, Measurement and Numerical Scan

Converter to
be Modeled
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Definition of Converter Models

Voltage Perturbation Self Admittance Transfer Admittance

AC Port, Positive Y (s) = ta(s) V() = tac(s — jw1)
Sequence D, (s) pp D, (s) pd D, (s)

AC Port, Negative _1a(s) _lge(s +jwq)
Sequence 7,(s) Yan () = D, (s) Yna(s) = D, (s)

DC Port ﬁdc (S)

 Traditional Frequency Scanning Considers Only Positive-Sequence
Perturbation and Responses at the Same Frequency
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Why Positive AND Negative Sequence Modeling?

12
« Instability May Occur in Either Sequence G18) =57 2)(s +1+/8)
* Immittance Models have Complex Coefficients
* Frequency Response May not be Complex-Conjugate 1,'?_— ------ 5
Symmetric about w = 0 6,00 < ?,"'1.0 )
* Nyquist Analysis Must Cover Positive & Negative w ! | X
* Response at Negative Frequency cannot be Scanned 0.5 :
« (PS Model at —w)* = NS Model at — w | |
+ PS Response at —w = (NS Response at +w)* 05 o 0.5';"" 1.0
. System Stability = Stability in PS &NSforw >0 6,00\, ~—"
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Theoretical Framework

Characterize Individual Components by Immittances
« QOperated with Ideal External Conditions

« Used as Input-Output Transfer Function Models

Build System Models by Network (Nodal) Analysis

Reformulate System Models in Feedback Loop with Open-Loop Stability

Determine System Stability by Nyquist-Like Criteria
* Find Root Causes of Instability Based on Analytical Models and Modal Analysis

« Shape Immittance by Control to Improve System Stability
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Stability at Individual Plant-Grid Interface

. Ve(s)
| 2 4 ] | Z®)
Grid % A Y.(s) <> I.(s) ‘
< | Y.(s)
Zy(s)

Ve(s) = lc(s) - 17 Y, (5)Zy(s)

« Converter-Grid System Stability = Stability of a SISO Feedback Loop
* Practical Considerations Guarantee Stability of Open-Loop Gain
« Application at Plant Level by Scaling or Aggregation
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Grid System Stability

5 S iy () == Zy () >
_ _ v.(s)
— Inv#(n — 1) v (s
nez Zij(s) = ijl((s)) Ya(s)
\Q Inv#t(n — 2)
[211(8)  Z12(8) - Zyp(S)]
Vi (8) = {1+ Zy(s)[Yap(s) + ]}_1Zg(s)ix(s) Z,(s) = 221:(8) Zzzz(S) ZZnE(S)
1 Z01(S)  Zna(s)  + Zpn(S)]

« System Stability = Z,(s)Y, (s) Satisfies Generalized Nyquist Criterion
 Intra- and Inter-Plant Stability; AC, DC and Hybrid AC-DC Systems
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Practical Experiences

Knall auf
hoher See

|II

Data-Center SupSR and HF Resonance (2017) wu.

« Root Cause Analysis and Mitigation
» Prevention by System Studies
« Product Specifications to Guarantee Stability
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Analytical Insights

1 _ZlGG(S_jw1)_ija(5_jw1)
SL+ H.y(s —jwq) 2 2

Yap (s) =

Integral Current Control Gain Defines a Dominating Capacitive Impedance

PLL Introduces Negative Damping in a Frequency Range Symmetrical about f;
« Bandwidth Corresponds to PLL Crossover Frequency

« Effects Reverse with Change of Power Flow Direction

Integral Gain of AC Voltage Control Introduce Negative Damping Above f;

« But Positive Below f;

« DC Bus Voltage Control Introduces Negative Damping Similar to PLL
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Supersynchronous Resonance of PSUs in Weak Grid

* ;. Control Creates Capacitive Impedance with Negative Damping above f;

« Supersynchronous Resonance with Inductive Grid Impedance in Weak Grid
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Supersynchronous Resonance and SSO

« SSO can be the Result of Subsynchronous or/and Supersynchronous Harmonics
« With IBRs, Supersynchronous Resonance is Usually the Root Cause for SSO

H b ah f ]‘ ”# W a| Fipffﬁ[ ih s " I !'ii
[u ‘|||'\¢f I 1] oo “H\ul[l'lw..f... lf!ﬁ.l!lﬂflhlm!ﬂlﬂ‘ (1] surenis WIMIHW,
‘\ ‘ HU“ H ‘|| {60 Hz + 45 or 75 Hz} “ H& |![[|I|H "I|'\.: " || {60 Hz + 45 &75 Hz} ‘| |||“|H|H M
J ’ H J .“.”,H.H,“\!L, [|||!|fu. ’H E& ,JI| iII ‘}'a-‘l.}g_' H g}L,”J ' HE 1&",”1 |,i ’.E | “ H| | HHJIIU #t U% ‘ H
N NN
Power Power
1:- Hz OS(‘i”a’[IOH L; Hz Osmllatmn

#2) U.S. DEPARTMENT | Office of

of ENERGY | Electricity




Keep Data Centers Stable (Away from SSO)

« Adopt Impedance-Based Stability Specifications
« Magnitude Separation Below 120 Hz; Positive Damping Above 120 Hz
« https://www.youtube.com/watch?v=IxUXLGi5-C8 (PSU Impedance Specs)
« https://www.youtube.com/watch?v=K85Ku7pAz2E (UPS Impedance Specs)
« https://www.youtube.com/watch?v=80GdBS3VNIA (System Impedance Specs)

2020 OCP
Summit

« See Also J. Sun et al., Data Center Power System Stability
e Part |: https://ieeexplore.ieee.org/stamp/stamp.ijsp?arnumber=9713963
 Part Il: https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=9713964

* Ensure SCR>8 on the Grid Side
« SCR Calculation Must Consider Other Data Centers and IBR Plants in Proximity
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Holistic Approach to Stability

- Plant Developers System Operators
Plant Design &
Plant Models

Device Models 2 Stability

it Intra-Plant Stability

Based on
Immittance

Compliance with . : :
Immittance-Based ‘ Grid Models Gnd Pl_annmg,
Specs : Operation and
Monitoring
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Upcoming Online Course

https:/immittance-methods.net/

Frequency-Domain

b. l. ° ® a 2027 Offering: (’N Updated from its early offerings to reflect
_ the latest advances in research, industry
Stability Engineering L R T

for Converter-Based Power Systems —

A comprehensive course on frequency-domain modeling and analysis
for converter-based power systems, developed through real-world applications.

jsun@rpi.edu

#a) U.S. DEPARTMENT | Office of

of ENERGY | Electricity



https://immittance-methods.net/
https://immittance-methods.net/
https://immittance-methods.net/

	Slide Number 1
	EMT and Frequency-Domain Analysis
	Simulation vs. Frequency-Domain Analysis of Stability
	Linearization of EMT Models
	Definition of Converter Models
	Why Positive AND Negative Sequence Modeling?
	Theoretical Framework
	Stability at Individual Plant-Grid Interface
	Grid System Stability
	Practical Experiences
	Analytical Insights
	Supersynchronous Resonance of PSUs in Weak Grid
	Supersynchronous Resonance and SSO
	Keep Data Centers Stable (Away from SSO)
	Holistic Approach to Stability
	Upcoming Online Course

