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Grid-forming inverters are crucial!
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Classical grid-forming is not perfect…
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ሶ𝜃 − 𝜔0 = 𝜂(𝑝∗ − 𝑝)
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• Droop control and VSM

• Single-input single-output: based on 

decoupling and linearization

• Good power-sharing property and small-

signal performance

• Poor large-signal performance

→Need multivariate/MIMO controllers

𝑣𝑔 = 0.1, 𝑧𝑔 = 0.4 + 𝑗0.4, 𝑝∗ = 0, 𝑞∗ = 0, 𝑣∗ = 1, 𝛼 = 1, 𝜂 = 0.08
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Complex-frequency control
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• Complex variables are multivariate

– Complex voltage

– Complex angle

• Complex droop control are multivariate

– Multivariate feedback: complex power

– Multivariate control output: complex angle

𝑣 = 𝑣𝑒𝑗𝜃

𝜗 ≔ ln 𝑣 + 𝑗𝜃 𝜛 ≔ ሶ𝜗 =
ሶ𝑣

𝑣
+ 𝑗 ሶ𝜃

𝑠 = 𝑝 + 𝑗𝑞– Complex power

– Complex frequency

SISO droop control:

VS.



Classical droop control Complex droop control

Controller

Stability

Small-signal stability is guaranteed 

but transient stability not guaranteed 

(far away from the nominal)

Both small-signal stability and transient stability

are theoretically guaranteed

Dynamic 

performance

Dynamic droop control: VSM and 

their variants
Dynamic complex-frequency droop control

Transient 

performance

Virtual admittance + limiter

Cross-forming control

Threshold virtual impedance

Virtual admittance + limiter

Cross-forming control

Threshold virtual impedance control

Steady-state 

performance
Power sharing Power sharing

Comparison with classics
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Dynamic complex-frequency control
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• Static droop

– Static gains

– No inertia response

• Dynamic droop

– Dynamic gains (Transfer Fcns)

– Rich dynamic responses
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Single-converter control setup
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Converter

PCC

Grid ≈ Grid
Desired behavior

𝑇des(𝑠), 𝑇des
𝑣 (𝑠)

Δ𝜛 = 𝑇(𝑠) −Δ𝜍 − 𝑇𝑣(𝑠)∆𝑣pcc
We choose 𝑇 𝑠 = 𝑇des(𝑠) and 𝑇𝑣(𝑠) = 𝑇des

𝑣 (𝑠)
to provide some desired dynamic behavior

𝜗 ≔ ln 𝑣 + 𝑗𝜃∆𝑣pcc 𝑇𝑘
𝑣(𝑠)

𝑇𝑘(𝑠) 𝜔0

∆𝜛𝑘

Im

Re

𝜛0

𝜃𝑘

𝑒𝑥 𝑣𝑘
−

+ ++ 1

𝑠
−∆𝜍

𝑘



Multi-converter control setup (Dynamic VPP)
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converter 1

converter 2

converter 𝑛

PCC
Converter aggregation

…
grid

=

≈ grid

Desired aggregate 
behavior

𝑇des(𝑠), 𝑇des
𝑣 (𝑠)

=

net

Aggregation conditions for complex-frequency control

෍
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!

෍
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!
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−1
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𝑘
𝑇𝑘
𝑣(𝑠) Δ𝑣pcc

Δ𝜛pcc = 𝑇des(𝑠) Δ𝜍pcc − 𝑇des
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𝑣 (𝑠)Δ𝑣pcc
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Case study setup
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𝑇des(𝑠) =
𝑒𝑗𝜋/4

2𝑠+50
𝑇𝑣 𝑠 = 5Desired response:



Control structure

Dynamic Complex-Frequency Control of Grid-Forming 

Converters – Xiuqiang He (ETH Zurich) 14

power 
converter 𝑘

𝐶dc𝐺dc 𝑣dc,𝑘

LV/MV𝑅f 𝐿f

𝜌𝑘 , 𝜎𝑘
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PCC

𝑣c,𝑘

. . .

𝑣𝑘 𝑣pcc
𝑖𝑘𝑖c,𝑘

𝑖dc,𝑘

dc energy source model

1

𝜏dc,𝑘𝑠 + 1

dc voltage control
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Case study results
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Single-converter case Multi-converter case

𝑇re(𝑠) −𝑇im(𝑠)

𝑇im(𝑠) 𝑇re(𝑠)



Content

Dynamic Complex-Frequency Control of Grid-Forming 

Converters – Xiuqiang He (ETH Zurich) 16

1. Complex-Frequency Control

2. Dynamic Complex-Frequency Control

3. Case Studies

4. Conclusion



• Complex-frequency (MIMO) grid-forming control: It outperforms classical 

(SISO) ones in stability guarantees.

• Dynamic complex-frequency control: Transfer functions (dynamic gains) 

instead of static gains provide richer dynamic responses.

• DVPPs, dynamic virtual power plants: A good solution to coordinate multiple 

converters to fulfill a desired response.

• Future work: Stability guarantees when using dynamic (vs. static) complex-

frequency control.

Conclusion / Take-home messages
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IEEE TCNS, 2022.
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Thank you!
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