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WA: 15% x 2020*

(100% x 2045) 

OR: 50%x 2040* 
(large utilities)

CA: 60% 

x 2030

(100% x 2045)

MT: 15% x 2015

NV: 50% x

2030

(100% x 2050)
UT: 20% x 

2025*†

AZ: 15% x 

2025*

ND: 10% x 2015

NM: 80%x 2040 

(IOUs)

(100% by 2045 

(IOUs))

HI: 100% x 2045

CO: 30% by 2020 

(IOUs) *†
(100% x 2050)

OK: 15% x 

2015

MN: 26.5% 

x 2025 (IOUs)
31.5% x 2020 

(Xcel)

MI: 15% x 

2021*†

WI: 10% 2015

(100% x 

2050)

MO:15% x 

2021

IA: 105 MW
IN:

10% x 
2025†

IL: 25% 

x 2026

OH: 8.5% 

x 2026

NC: 12.5% x 2021 (IOUs)

VA: 100% x 

2045/2050KS: 20% x 2020

ME: 100% x 2050

30 States + DC have a 

Renewable Portfolio 

Standard, 5 states have a 

Clean Energy Standard
(8 states have renewable 

portfolio goals, 5 states have 

clean energy goals)

Renewable portfolio standard

Renewable portfolio goal Includes non-renewable alternative resources* Extra credit for solar or customer-sited renewables

†

U.S. Territories

DC

TX: 5,880 MW x 2015*

SD: 10% x 2015

SC: 2% 2021

NMI: 20% x 2016

PR: 100% x 2050

Guam: 25% x 2035

USVI: 30% x 2025

NH: 25.2% x 2025

VT: 75% x 2032

MA: 35% x 2030 + 1% each 

year thereafter (new resources) 

6.7% x 2020 (existing resources)

(80% x 2050)

RI: 38.5% x 2035; 100% x 

2030 Goal

CT: 40% x 2030; (100% x 

2040)

NY:70% x 2030

(100% x 2040) 

PA: 18% x 2021†

NJ: 50% x 2030; (100% x 

2050) 

DE: 25% x 2026*

MD: 50% x 2030

DC: 100% x 2032

Clean energy standard

Clean energy goal
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The Future Grid
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Present grid

• dispatchable generation
• high inertial response
• strong voltage support
• well known physics

  
 
 

______
[1] Lin et al. Research roadmap on grid-forming inverters. Technical report, National Renewable Energy Lab.(NREL), Golden CO, 2020 

*[1]

Future
• variable and distributed generation
• limited inertia levels
• weak voltage support
• proprietary control laws (black box)
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Future
• variable and distributed generation
• limited inertia levels
• weak voltage support
• proprietary control laws (black box)

*[1] Selected challenges
• increased system uncertainty
• sensitivity to disturbances
• new forms of instabilities, induced by inverter-

based resources
• need to compensate for reduced inertia

grid strength 

Research questions:

• How should we control a grid with limited 
inertial/voltage support?

• Should we try to mimic SGs response? Or find new 
and more efficient control paradigms, suitable for 
IBRs? 

 
______
[1] Lin et al. Research roadmap on grid-forming inverters. Technical report, National Renewable Energy Lab.(NREL), Golden CO, 2020 
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Virtual Synchronous Generator

Controller

Telecom Analogy

Current approach: Use inverter-based control to mimic generators response
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Virtual Synchronous Generator

Controller

Telecom Analogy

Current approach: Use inverter-based control to mimic generators response

It works, but perhaps 
there is 

something better…



• Merits and trade-offs of low inertia
• Control Perspective: Lighter systems are easier to control!

• Scale-free Stability Analysis of Grids
• Generalizes passivity notions using network information

• Analysis of Weakly-Connected Coherent Networks 
• Generalized Center of Inertia captures IBR dynamics

• Identification of coherent modes via spectral clustering

• Grid Shaping Control
• Grid-following/forming control framework for controlling future girds

Outline
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Pros: Provides natural disturbance rejection Cons: Hard to regain steady-state
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Cons: Susceptible to disturbances Pros: Regains steady-sate faster

What happens when one adds control?



Control of Low Inertia Pendulum
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Virtual Mass Control:

Pros: 
Provides disturbance rejection

Cons: 
Hard to regain steady-state  + excessive control effort

We can do better…



Control of Low Inertia Pendulum
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Dynamic Droop:

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021

Richard PatesYan Jiang



Power Network Model
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Laplacian Matrix

[Bergen Hill ‘81]

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, IEEE Transactions on Automatic Control, 2020

Linearized Power Flows



Bus Dynamics
Generator: 
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Model: Swing Equations + Turbine

inverter

generator

ci

+ ! i

power 

imbalance

frequency

gi

piBus Dynamics

+

+

x i
inverter 

power injection

ui − pe,i

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, IEEE Transactions on Automatic Control, 2020
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Bus Dynamics
Grid Following Inverter: 
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inverter

generator

ci

+ ! i

power 

imbalance

frequency

gi

piBus Dynamics

+

+

x i
inverter 

power injection

ui − pe,i

Droop Control and Virtual Inertia:

Closed-loop Bus Dynamics:

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, IEEE Transactions on Automatic Control, 2020



Modal Decomposition for Multi-Rated Machines

Assumption: Let       be the machine relative inertia (                       ), and

F -1
2 V T

F -1
2 V T

u û

ŵPwP

Change of Vars.

F -1
2V

ŵ w

Change of Vars.

[Paganini M ‘17 , Guo Low 18’]
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[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, IEEE Transactions on Automatic Control, 2020

Enrique Mallada (JHU)



Modal Decomposition for Multi-Rated Machines

Assumption: Let       be the machine relative inertia (                       ), and 

Center of Inertia

Sync Error

Eigenvalues of:

11Enrique Mallada (JHU)

F -1
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F -1
2 V T

u û
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Change of Vars.
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Change of Vars.

[TAC 20] Paganini, M, Global analysis of synchronization performance for power systems: Bridging the theory-practice gap, IEEE Transactions on Automatic Control, 2020

[Paganini M ‘17 , Guo Low 18’]
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Dynamic Droop:

[TAC 21] Jiang, Pates, M, Dynamic droop control in low inertia power systems, IEEE Transactions on Automatic Control, 2021

Richard PatesYan Jiang

Dynamic Droop Benefits

•  Overshoot Elimination in Nadir
•  Noise Attenuation

•  Disturbance Rejection
•  Reduce Inter-area Oscillations

Caveat
• Control design limited to co-located resources (SGs and GFL-IBRs)
• Restrictive assumptions: Proportional dynamics (𝑝𝑖 𝑠 = 𝑓𝑖𝑝0(𝑠))



• Merits and trade-offs of low inertia
• Control Perspective: Lighter systems are easier to control!

• Scale-free Stability Analysis of Grids
• Generalizes passivity notions using network information

• Analysis of Weakly-Connected Coherent Networks 
• Generalized Center of Inertia captures IBR dynamics

• Identification of coherent modes via spectral clustering

• Grid Shaping Control
• Grid-following/forming control framework for controlling future girds
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Decentralized Stability Analysis in Power Grids [TCNS 19]
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Problem Setup:

• Linearized power flows, lossless 
𝐿𝑖𝑗 = −𝑏𝑖𝑗𝑣𝑖𝑣𝑗cos(𝜃𝑖

∗ − 𝜃𝑗
∗)

• Bus 𝑖: arbitrary siso transfer function:
           𝜔𝑖 = 𝑝𝑖 𝑠  Δ𝑃𝑖      (SGs or GFM-IBRs)

[TCNS 19] Pates, M. Robust Scale Free Synthesis for Frequency Regulation in Power Systems. IEEE Transactions on Control of Network Systems, 2019

1.When does this 
interconnection is stable?

2. Can we analysis and control design 
based on local rules?

Richard Pates-

-



Standard Approach: Passivity

• If 𝑝𝑖(𝑠) is strictly positive real (SPR), then the 
interconnection is stable for all networks 𝑳!

Decentralized Stability Analysis in Power Grids [TCNS 19]
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[TCNS 19] Pates, M. Robust Scale Free Synthesis for Frequency Regulation in Power Systems. IEEE Transactions on Control of Network Systems, 2019

1.When does this 
interconnection is stable?

2. Can we analysis and control design 
based on local rules?

Richard Pates-

-

`Positive Real (PR) TF
Re 𝑝𝑖 𝑠 ≥ 0

 Strictly Positive Real (SPR) TF
Re 𝑝𝑖 𝑠 − 𝜀 ≥ 0

Converse: for unknown network (𝑳), passivity is 
also necessary.[TCNS 19]

Can we use network information to relax 
passivity conditions?



Stable for 0 ≤ 𝐾 ≤ 𝑘∗?

Assume: 𝐺(𝑠) is stable

Define: ℎ 𝑠 ∈ 𝑃𝑅   (passive)

Test:  If   ℎ 𝑠 1 + 𝑘∗𝐺 𝑠 ∈ 𝑆𝑃𝑅  (strictly)
 then, yes!

Classical Result: Absolute Stability

[TCNS 19] Pates, M. Robust Scale Free Synthesis for Frequency Regulation in Power Systems. IEEE Transactions on Control of Network Systems, 2019
Enrique Mallada (JHU) 14
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Scale-free Stability Analysis

Key Idea: Exploit limited network information to relax passivity condition 

• Let 𝛾𝑖  be a local connectivity bound:  σ𝑗∈𝑁𝑖
|𝐿𝑖𝑗| ≤

𝛾𝑖

2
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Assume: 𝐺(𝑠) is stable

Define: ℎ 𝑠 ∈ 𝑃𝑅   (passive)

Test:  If   ℎ 𝑠 1 + 𝑘∗𝐺 𝑠 ∈ 𝑆𝑃𝑅  (strictly)

 then system is stable for all 0 ≤ 𝐾 ≤ 𝑘∗

Brockett & Willems ‘65

Assume: 𝑝𝑖(𝑠) is stable

Define: ℎ 𝑠 ∈ 𝑃𝑅   (passive)

Test:  If  ℎ 𝑠 1 + 𝛾𝑖
1

𝑠
𝑝𝑖 𝑠 ∈ 𝑆𝑃𝑅, ∀𝑖, then

system stable for networks σ𝑗∈𝑁𝑖
|𝐿𝑖𝑗| ≤

𝛾𝑖

2
, ∀𝑖

Pates & M 2019

[TCNS 19] Pates, M. Robust Scale Free Synthesis for Frequency Regulation in Power Systems. IEEE Transactions on Control of Network Systems, 2019

𝐿𝑖𝑗 = −𝑏𝑖𝑗𝑣𝑖𝑣𝑗cos(𝜃𝑖
∗ − 𝜃𝑗

∗)

𝐺(𝑠)
𝑟 𝑦

-
𝐾
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Examples

Automatic Generation Control

Let                                            .

Given               , then, for any network such that                                     with

the delayed swing equations are stable for whenever  

Delay Robustness of Swing Equations

[TCNS 19] Pates, M. Robust Scale Free Synthesis for Frequency Regulation in Power Systems. IEEE Transactions on Control of Network Systems, 2019
Enrique Mallada (JHU) 16
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Coherence in Power Networks
•  Studied since the 70s

• Podmore, Price, Chow, Kokotovic, Verghese, 
Pai, Schweppe,…

•  Enables aggregation/model reduction
• Speed up transient stability analysis

• Many important questions
• How to identify coherent modes?
• How to accurately reduce them?
• What is the cause?

•  Many approaches
• Timescale separations (Chow, Kokotovic,)
• Krylov subspaces (Chaniotis, Pai ‘01)
• Balanced truncation (Liu et al ‘09)
• Selective Modal Analysis (Perez-Arriaga, 

Verghese, Schweppe ‘82)

Goal: Understand how IBR presence affect classical coherence studies
Enrique Mallada (JHU) 17



Case Study 1: Network Coherence

Key Questions:

• How does coherence emerge, and what does it depend on?

• How to characterize the coherent response in the presence of IBRs?

Enrique Mallada (JHU) 18



Case Study 2: Coherent Inter-area Modes

Key Questions:

• How to identify coherent areas?

• Can we model the inter-area oscillations?

Enrique Mallada (JHU) 19



Analysis of Coherent Dynamics [CDC 19, Auto 25]

• Problem Setup:

• Linearized power flows 𝐿𝑖𝑗

• Bus 𝑖: arbitrary siso tf:
 𝜔𝑖 = 𝑔𝑖 𝑠  Δ𝑃𝑖  (SGs or IBRs)

[CDC 19] Min, M. Dynamics concentration of large-scale tightly-connected networks. Conference on Decision and Control 2019 
[Automatica 25] Min, Pates, M. A frequency domain analysis of slow coherency in networked systems. Automatica 2025

?

1.When does this network 
exhibit coherence? 2.What is the exact coherent 

response of this network?

Richard PatesHancheng Min

𝑔𝑖 𝑠 =
1

𝑚𝑖𝑠 + 𝑑𝑖 +
𝑅𝑖

−1

𝜏𝑠 + 1

Example I: SG + Turbine

Enrique Mallada (JHU) 20

𝑔𝑖 𝑠 =
1

𝜈𝑖𝑠 + 𝑅𝑖
−1

Example II: IBRs



[CDC 19] Min, M. Dynamics concentration of large-scale tightly-connected networks. Conference on Decision and Control 2019 
[Automatica 25] Min, Pates, M. A frequency domain analysis of slow coherency in networked systems. Automatica 2025

Analysis of Coherent Dynamics [CDC 19, Auto 25]

1. Coherence can be understood as a low rank property the closed-loop 
transfer matrix

2. It emerges as the effective algebraic connectivity 
𝟏

𝒔𝟎
𝝀𝟐(𝑳)  increases

3. The coherent dynamics is given by the harmonic sum of bus 
dynamics 

?

1.When does this network 
exhibit coherence? 2.What is the exact coherent 

response of this network?

Richard PatesHancheng Min

Enrique Mallada (JHU) 20



Generalized Center of Inertia [CDC 19, Auto 25]

[CDC 19] Min, M. Dynamics concentration of large-scale tightly-connected networks. Conference on Decision and Control 2019 
[LCSS 20] Min, Paganini, M. Accurate reduced-order models for heterogeneous coherent generators. IEEE LCSS 2020
[Auto 25] Min, Pates, M. A frequency domain analysis of slow coherency in networked systems. Automatica 2025

• Coherent Dynamics: ෝ𝒈(𝒔)
• Representation of aggregate response

• Accuracy of approximation: 
• is frequency dependent

• increases with network connectivity

• Provides excellent template for reduced 
order models (via balance-truncations)

• More details [LCSS 20]

Richard PatesHancheng Min

Enrique Mallada (JHU) 21



Weakly-Connected Coherent Networks

???

• Aggregate each coherent area

• Inter-area oscillation can be 

modeled as the interaction 

among aggregate nodes

[L4DC 23] Min, M. Learning coherent clusters in weakly-connected network systems. Leaning for Dynamics and Control 2023

Hancheng Min

Enrique Mallada (JHU) 22



Structure-preserving Network Reduction

Step 1: Identifying coherent areas

Tightly-connected
Networks are coherent

⇓

Use spectral clustering 
algorithm to find 
tightly-connected 

subnetworks/areas

[L4DC 23] Min, M. Learning coherent clusters in weakly-connected network systems. Leaning for Dynamics and Control 2023

Hancheng Min

Enrique Mallada (JHU) 23



Structure-preserving Network Reduction

Step 2: Aggregate coherent areas

Coherent dynamics are 
given by

 ො𝑔 𝑠 = σ𝑖=1
𝑛 𝑔𝑖

−1 (𝑠)
−1

⇓

Aggregate each 
identified coherent area 

into its corresponding 
coherent dynamics ො𝑔 𝑠

[L4DC 23] Min, M. Learning coherent clusters in weakly-connected network systems. Leaning for Dynamics and Control 2023

Hancheng Min

Enrique Mallada (JHU) 23



Structure-preserving Network Reduction

Step 3: Model the interaction among aggregate nodes 

Construct the reduced 
network 𝐿𝑘  by solving 

an optimization problem 
(it has closed-form 

solution)

[L4DC 23] Min, M. Learning coherent clusters in weakly-connected network systems. Leaning for Dynamics and Control 2023

Hancheng Min

Enrique Mallada (JHU) 23



Approximation Errors

Approximation error 
depends on:

• Whether the network 
has a multi-cluster 
structure

• Whether the SC 
algorithm finds the 
right clusters

• How well one model 
the interaction

𝑇 𝑠0 − ෠𝑇𝑘  (𝑠0)
2

= 𝒪
1

𝜆𝑘+1 𝐿
+ 𝒪 𝑉𝑘 𝐿 − 𝑃

𝐼𝑖 𝑖=1
𝑘 𝑆

2

[L4DC 23] Min, M. Learning coherent clusters in weakly-connected network systems. Leaning for Dynamics and Control 2023

Hancheng Min

Enrique Mallada (JHU) 24



Numerical validation – RTS 96 test case

• The IEEE reliability test system: 1996

• 3 areas, 33 generators in total

• Different rotor angles across each area 
at initialization 

• Solid lines: actual frequency response
Dashed lines: reduced model 

Hancheng Min

[L4DC 23] Min, M. Learning coherent clusters in weakly-connected network systems. Leaning for Dynamics and Control 2023
Enrique Mallada (JHU) 25



• Merits and trade-offs of low inertia
• Control Perspective: Lighter systems are easier to control!

• Scale-free Stability Analysis of Grids
• Generalizes passivity notions using network information

• Analysis of Weakly-Connected Coherent Networks 
• Generalized Center of Inertia captures IBR dynamics

• Identification of coherent modes via spectral clustering

• Grid Shaping Control
• Grid-following/forming control framework for controlling future girds

Outline
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Model Matching Control

Use control dynamics to shape system response

Real System Desired Response

Enrique Mallada (JHU) 26

+

𝑃(𝑠)
𝑢 𝑦

−

𝐶(𝑠)

𝑇𝑦𝑢 𝑠 =
𝑃 𝑠

1+𝑃 𝑠 𝐶 𝑠
 

𝑇tgt(𝑠)
𝑢 𝑦

𝑇tgt 𝑠“=“

Models match when:  𝐶 𝑠 =
𝑃 𝑠 −𝑇tgt 𝑠

𝑇tgt 𝑠 𝑃(𝑠)



Grid Shaping Control

Use model matching control to shape system response

Grid-following IBRs Grid-forming IBRs

Enrique Mallada (JHU) 27



Grid-shaping with GFL IBRs [TPS 21]

Enrique Mallada (JHU) 28

Turbine

+
−

𝜔𝑟𝑒𝑓

𝑃𝑟𝑒𝑓

𝑃𝑚

𝜔 𝜔

𝑃𝐿

+−

𝑃𝐵

+ 1

𝑚𝑠 + 𝑑

1

𝜏𝑇𝑠 + 1

𝑃𝐿

𝑃𝑚

𝑃𝑟𝑒𝑓

+
−

𝑟𝑔
−1

𝜔

𝜔𝑟𝑒𝑓

−

+

− +
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Grid Shaping

1
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+

+
−
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Tunable Performance:

          RoCoF =
1

𝑎
Δ𝑃,  Δ𝜔 =

1

𝑏
Δ𝑃

[TPS 21] Jiang, Cohn, Vorobev, M. Storage-based frequency shaping control Transactions on Power Systems 2021

Petr VorobevEliza CohnYan Jiang



Grid-shaping with GFL IBRs [TPS 21]

Enrique Mallada (JHU) 28

[TPS 21] Jiang, Cohn, Vorobev, M. Storage-based frequency shaping control Transactions on Power Systems 2021

Petr VorobevEliza CohnYan Jiang
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Example: Efficient Elimination of Nadir



Grid-shaping with GFL IBRs [TPS 21]
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[TPS 21] Jiang, Cohn, Vorobev, M. Storage-based frequency shaping control Transactions on Power Systems 2021
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Example II: Tuning RoCoF

Petr VorobevEliza CohnYan Jiang



Grid Shaping Control

Use model matching control to shape system response

Grid-following IBRs Grid-forming IBRs

+
−

𝜔𝑟𝑒𝑓

𝑃𝑟𝑒𝑓

𝜔 𝜔

𝑃𝐿

Tunable Performance:
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1
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Δ𝑃,  Δ𝜔 =

1

𝑏
Δ𝑃

Turbine
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+−

𝑃𝐵

Enrique Mallada (JHU) 29



GFM Grid-shaping Through Lines [LCSS 23]

Enrique Mallada (JHU) 30
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Tunable Performance:
E.g.:          Turbine Time Constant = 𝝉′

[LCSS 23] Poolla, Lin, Bernstein, M, Groß. Frequency shaping control for weakly-coupled grid-forming IBRs IEEE Control Systems Letters 2023

D. GroßA. BernsteinY. LinB. K. Poolla

𝐵



GFM System-wide Grid-shaping [LCSS 20]

Enrique Mallada (JHU) 31

[LCSS 20] Jiang, Bernstein, Vorobev, M. Grid-forming frequency shaping control for low-inertia power systems IEEE Control Systems Letters 2020
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GFM System-wide Grid-shaping [LCSS 20]

Enrique Mallada (JHU) 31

[LCSS 20] Jiang, Bernstein, Vorobev, M. Grid-forming frequency shaping control for low-inertia power systems IEEE Control Systems Letters 2020
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Grid Shaping Control

Use model matching control to shape system response

Grid-following IBRs Grid-forming IBRs

Grid Shaping

1
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Summary

Enrique Mallada (JHU) 33

• Merits and trade-offs of low inertia
• Control Perspective: Lighter systems are easier to control!
• Smarter controller can provide multiple benefits in Nadir, RoCoF, inter-area oscillations, and disturbance 

rejection, with less effort

• Scale-free Stability Analysis of Grids
• Generalizes passivity notions using network information
• Decentralized test based on local models
• Compatible with 𝐻∞-synthesis methods

• Analysis of Weakly-Connected Coherent Networks 
• Generalized Center of Inertia captures IBR dynamics
• Provide a new tunable target to meet system specs
• Coherent modes identified via spectral clustering

• Grid Shaping Control
• Grid-following/forming control framework for future girds
• Leverages IBRs to shape the coherent response



mallada@jhu.edu http://mallada.ece.jhu.edu

mallada@jhu.edu ∙  Enrique Mallada  ∙  http://mallada.ece.jhu.edu 

Thanks!

Merits and trade-offs of low inertia
[TAC 21]   Jiang, Pates, M, Dynamic droop control in low inertia power systems. Transactions on Automatic Control, 2021

Grid Shaping Control
[LCSS 20]  Jiang, Bernstein, Vorobev, M. Grid-forming frequency shaping control for low-inertia power systems. Control Systems Letters 2020
[TPS 21]    Jiang, Cohn, Vorobev, M. Storage-based frequency shaping control. Transactions on Power Systems 2021
[LCSS 23]  Poolla, Lin, Bernstein, M, Groß. Frequency shaping control for weakly-coupled grid-forming IBRs. IEEE Control Systems Letters 2023

Analysis of Weakly-Connected Coherent Networks 
[CDC 19]   Min, M. Dynamics concentration of large-scale tightly-connected networks. Conference on Decision and Control 2019 
[LCSS 20]  Min, Paganini, M. Accurate reduced-order models for heterogeneous coherent generators. IEEE Control Systems Letters 2020
[L4DC 23] Min, M. Learning coherent clusters in weakly-connected network systems. Leaning for Dynamics and Control 2023
[Auto 25] Min, Pates, M. A frequency domain analysis of slow coherency in networked systems. Automatica 2025

Andrey BernsteinYashen LinBala K. PoollaDominic GroßHancheng Min Eliza CohnYan Jiang Richard Pates Fernando PaganiniPetr Vorobev

Scale-free Stability Analysis 
[TCNS 19] Pates, M, Robust scale-free synthesis for frequency control in power systems. Transactions on Control of Network Systems, 2019
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