
incose.org | 1

Bifurcation Analysis 
for System 
Resilience: A Case 
Study on Power 
Infrastructure
Rogelio Gracia Otalvaro & Bryan C. Watson

Embry-Riddle Aeronautical University

International Council on Systems Engineering
A better world through a systems approach

INCOSE International Symposium 2025 | Ottawa, Canada



incose.org | 2 

Presentation 
Overview
• Resilience as a defense against fragility

• Framework: 6-step Bifurcation Analysis / Resilience method

• Case Study: IEEE 9-Bus analysis

• Resilience Study: absorptive, adaptive, recovery capacities

• Conclusion



incose.org | 3 

Presentation 
Overview
• Resilience as a defense against fragility

• Framework: 6-step BA / Resilience method

• Case Study: IEEE 9-Bus analysis

• Resilience Study: absorptive, adaptive, recovery capacities

• Conclusion



incose.org | 4 

Modern systems are more fragile than ever

London Heathrow, March 2025 CrowdStrike, July 2024

Spain, April 2025
https ://www.bloomberg .com /news /newsletters/2025-03-25/the-device-that-broug ht-down-heathrow
https ://ma shable.c om/a rtic le/mi crosoft-crowdstrike-outag e-mi llions-more-com puters-a ffected

https ://www.farodev igo.es/soci eda d/2025/04/28/a pag on-g eneral-deja-luz-media-espana-116817439.html

UK, yesterday

We build faster than we understand, leading to uncertainty and risks
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Resilience Engineering is emerging within Systems 
Engineering to understand how to navigate disruptions

Absorb Adapt Recover
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Resilience Engineering rises as a way to better understand 
systems under stress, but it comes with challenges 

Lack of Standardization

Complex Dynamics and Integrations

Data Requirements

Resilience 
Definitions
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Current resilience methods do not always give insight into 
why disruptions happen 

(Bruckler, et al., 2024)
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Bifurcation Analysis, from Dynamic Systems Theory,  studies how 
small parameter variations can impact system stability  

Saddle-Node Transcritical Pitchfork

Hopf
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Bifurcation Analysis is not common in Resilience Engineering  

Publication counts listing stability in their titles. Publication counts listing resilience in their titles.

Publication counts listing both stability and resilience in their titles.
(Mayar, Carmichael, & Shen, 2022). 
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6-Step Framework to use BA in RE

1. Data 
Preprocessing

•Segmentation

•Cleaning

2. System 
Identification

•Model Selection

•Parameter 
Estimation 

3. Bifurcation 
Analysis

•Equilibrium Analysis

•Parameter Variation
•Bifurcation 
Identification

4. Numerical 
Tools

•Simulate 
scenarios 

•Plot scenarios

5. Resilience 
Analysis

•Resilience 
Thresholds

• Link findings to 
RE properties

6. 

Report and 
Document
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To analyze a system, a system model is required
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Bifurcation Analysis benefits from the use of numerical tools

3. Bifurcation 
Analysis

•Equilibrium 
Analysis

•Parameter 
Variation

•Bifurcation 
Identification

4. 
Numerical 

Tools

•Simulate 
scenarios 

•Plot 
scenarios

5. Resilience 
Analysis

•Resilience 
Thresholds

• Link findings to 
RE properties

6. 

Report and 
Document

𝑟 = 1 

𝑟 = 3 
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Bifurcation Analysis benefits from the use of numerical tools
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Linking BA insights with Resilience Capabilities

(Gracia Otalvaro & Watson, 2024) 

5. Resilience 
Analysis

•Resilience 
Thresholds

• Link findings to 
RE properties

6. 

Report and 
Document
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IEEE or WSCC 9 Bus is evaluated from 10% to 230% of its nominal 
load

Figure 1: Model of the IEEE 9 Bus System (PSCAD, 2018)

Feature Value

Number of buses 9

Generators 3 (located at buses 1, 2, and 3)

Loads
3 (at buses 5, 6, and 8) with 

nominal values at 315MW

Transformers 3 (with off-nominal tap ratios)

Transmission lines 9 (forming a meshed network)

𝑆𝑡𝑎𝑡𝑒 𝑉𝑒𝑐𝑡𝑜𝑟 = [𝑉𝑖, 𝜃𝑖]

𝐴𝑐𝑡𝑖𝑣𝑒 𝑃𝑜𝑤𝑒𝑟 𝑀𝑊

𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑃𝑜𝑤𝑒𝑟 𝑀𝑉𝑎𝑟
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Voltages remain predictable until 190% of nominal consumption, 
where behavior changes
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Generator output evaluation shows the reason for change in 
behavior (G2)
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Absorptive Capabilities: how much change can the system handle 
before it changes its behavior?
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Adaptive Capabilities: How large is the system’s operating range? 

Only active load is increased

Both active and reactive 

loads are increased
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Recovery Capabilities: How does the system react to events?
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Conclusion

• Resilience Engineering is emerging within Systems Engineering to understand how to navigate disruptions

• Studying a system’s absorptive, adaptive, and recovery capabilities leads to resilient systems

• Analysis tools must keep up with the complexities seen in modern systems

• Bifurcation Analysis helps SE by identifying stability thresholds and providing resilience insights

Next steps: Expanding the framework by adding more methods to it and testing it in more types of systems
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While the system remains stable, oscillatory behavior arises as 
load increases 
Eigenvalues show if the system is stable or unstable
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Bifurcation Analysis studies how small parameter variations can 
impact system stability  

𝐽 =

𝜕𝑓1

𝜕𝑋

𝜕𝑓1

𝜕𝑌

𝜕𝑓1

𝜕𝑍
𝜕𝑓2

𝜕𝑋

𝜕𝑓2

𝜕𝑌

𝜕𝑓2

𝜕𝑍
𝜕𝑓3

𝜕𝑋

𝜕𝑓3

𝜕𝑌

𝜕𝑓3

𝜕𝑍

𝑓1 𝑋, 𝑌, 𝑍, 𝑡, 𝑝 =
𝑑𝑋

𝑑𝑡

𝑓2 𝑋, 𝑌, 𝑍, 𝑡, 𝑝 =
𝑑𝑌

𝑑𝑡

𝑓3 𝑋, 𝑌, 𝑍, 𝑡, 𝑝 =
𝑑𝑍

𝑑𝑡

det 𝐽 − 𝜆𝐼 = 0

If Re(𝜆) < 0, stable 

Define System Compute Jacobian Find Eigenvalues 𝜆(p) 
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Bifurcation Examples
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