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Heterogeneous Power Systems
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• Heterogeneous power systems comprising multiple types of devices
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Centralized VS. Decentralized Framework for Stability Analysis
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• Centralized framework
− Relies on global information, limited by confidentiality

− Analytical intractability

− Computational intractability

+ Low conservativeness

• Decentralized framework
+ Relies on local information, free of confidentiality

+ Analytical tractability

+ Computational tractability, independent of scale

− Likely high conservativeness
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Typical decentralized method 1: Dissipativity/passivity
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• Passivity: the Nyquist curve lies 
in the right half-plane.

V. Häberle, X. He, L. Huang, F. Dörfler, and S. Low, IEEE TCNS, 2026

• Passivity-based feedback interconnection → 
stability: (-90°, 90°) ∪ (-90°, 90°) ⊆ (-180°, 180°)
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Typical decentralized method 1: generalization of linear passivity → small 
phase property
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• Phase of a matrix • Feedback interconnection satisfies the small-
phase condition → stability: 
∠H1(jω) ∪ ∠H2(jω) ⊆ (-180°, 180°)

D.Wang, W. Chen, S. Z. Khong, and L. Qiu. Linear Algebra Appl, 2020.
L. Huang, D. Wang, X. Wang, H. Xin, P. Ju, K.H. Johansson, F. Dörfler. IEEE TPWRS, 2024.



Typical decentralized method 2: Small gain
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• Gains of a matrix: singular values • Feedback interconnection satisfies the small-gain 
condition → stability:
||H1(jω)||·||H2(jω)|| < 1

L. Huang, H. Xin, F. Dörfler. IEEE TSG, 2020.



Typical decentralized method 3: mixed gains and phases
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• Mixed: at any frequency, either 
the small-gain condition or the 
small-phase condition is 
satisfied.

• A unified representation:
𝑄𝑄 𝜔𝜔 + 𝑆𝑆 𝜔𝜔 ∗𝐻𝐻1 𝑗𝑗𝑗𝑗 + 𝐻𝐻1 𝑗𝑗𝑗𝑗 ∗𝑆𝑆 𝜔𝜔 ≥
𝜌𝜌(𝜔𝜔) 𝐻𝐻1 𝑗𝑗𝑗𝑗 ∗ 𝐻𝐻1 𝑗𝑗𝑗𝑗

−𝐺𝐺2 𝑗𝑗𝑗𝑗 ∗𝑄𝑄 𝜔𝜔 𝐺𝐺2 𝑗𝑗𝑗𝑗 + 𝑆𝑆 𝜔𝜔 𝐺𝐺2 𝑗𝑗𝑗𝑗
+ 𝐺𝐺2 𝑗𝑗𝑗𝑗 ∗𝑆𝑆 𝜔𝜔 ∗ > 𝜇𝜇 𝜔𝜔 𝐼𝐼

𝜇𝜇 𝜔𝜔 + 𝜌𝜌 𝜔𝜔 ≥ 0

L. Huang, D. Wang, X. Wang, H. Xin, P. Ju, K.H. Johansson, F. Dörfler. IEEE TPWRS, 2024.
F. Chen, S.Z. Khong, X. Wang, L. Harnefors. IEEE TPEL, 2025.



Typical decentralized method 4: SRGs
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• Scaled relative graphs（SRG）

 SRG represents the amplification factor and phase shift 

imposed by the system {𝑓𝑓 𝑥𝑥,𝑢𝑢 ,𝑔𝑔 𝑥𝑥,𝑢𝑢 }：

SRG 𝑓𝑓,𝑔𝑔 =
𝑦𝑦
𝑢𝑢

𝑒𝑒±𝑗𝑗𝑗(𝑢𝑢,𝑦𝑦):𝑦𝑦 ∈ output,𝑢𝑢 ∈ input,𝑢𝑢 ≠ 0

• SRG is a generalization of the Nyquist plot to nonlinear 
systems.

• For SISO LTI systems, it can be understood as:
SRG(𝐺𝐺) ⟷ {𝐺𝐺(𝑗𝑗𝜔𝜔):𝜔𝜔 ∈ ℝ}

E. Baron-Prada, A. Anta, and F. Dörfler. IEEE L-CSS, 2025.

𝐺𝐺 𝑠𝑠 =
1

𝑠𝑠2 + 2𝑠𝑠 + 1



Typical decentralized method 5: DW shell
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• Davis-Wielandt (DW) shell

 DW shell represents the output projection 

along the input direction and the 

amplification factor of matrix A:

DW 𝐴𝐴 = 𝑢𝑢𝐻𝐻𝐴𝐴𝐴𝐴, 𝐴𝐴𝐴𝐴 2 :𝑢𝑢 ∈ ℂ𝑛𝑛, 𝑢𝑢 = 1

 In complex space, the DW shell contains 

more information than SRG (phase shift 

and amplification factor).

L. Huang, V. Häberle, R. Leng, H. Xin, H. Geng, F. Dörfler, and X. He, arXiv preprint, 2026.

 The DW shell can provide a unified framework for passivity, small phase, small gain, and 

SRG of linear systems!



Typical decentralized method 6: Gershgorin Circle Theorem
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• Gershgorin Circle Theorem

X. Zhu, X. He, H. Qing, H. Geng, MPCE, 2026.
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Contrasts of existing methods
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Description Applicable systems Interpretations

Dissipativity Energy function, supply rate Nonlinear, multi-port systems ★★★★★

Small gain ∥G∥∞, gain product Nonlinear, uncertain systems ★★★★☆

SRG Amplification factor, phase shift Nonlinear, multi-port systems ★★★☆☆

DW Shell Complex inner product, 
amplification factor Linear, multi-port systems ★★★☆☆

Gershgorin Eigenvalue inclusion circles LTI systems ★★★★☆
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Small-signal decentralized stability analysis
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• From Gershgorin theorem to local gain 
condition

X. Zhu, X. He, H. Qing, H. Geng, MPCE, 2026.
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Local gain Network coupling

Local gain dominance: requires local dynamics to be dominant relative to coupling dynamics, so as to 
resist the influence of network coupling.



Use case
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• Use decentralized methods to guarantee the closed-loop modal damping ratio

X. Zhu, X. He, H. Qing, H. Geng, MPCE, 2026.
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Large-signal passivity analysis

17

• Grid-forming dVOC control is passive

Node’s passivity index Network’s passivity index

Decentralized stability condition
X. He and F. Dörfler, IEEE TPWRS, 2024



Use case
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• Multi-inverter grid-connected stability is guaranteed through decentralized indices

X. He and F. Dörfler, IEEE TPWRS, 2024

Decentralized stability specification: 𝛿𝛿𝑘𝑘 < 𝜀𝜀net

Conservatism: failure to satisfy the criterion does 
not necessarily imply instability.



Take aways
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1. Decentralized stability analysis is a new approach to addressing massive 

heterogeneous power-electronics-dominated power systems.

2. For linear systems, the DW shell provides a unified analysis method.

3. For nonlinear systems, dissipativity/passivity analysis is the most 

commonly used and interpretable method, but issues such as its analytical 

tractability and conservatism need to be overcome.



Thank you!
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