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High-rate Dynamics in the Real-world

Samali, B., et al., Review of the basics of state of the art of blast loading. Asian Journal of Civil Engineering. (2018).

Civil Structures 

Exposed to blast
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airbag  

deployment

Automotive safety systems against Collision

https://blog.allstate.ca/youve-been-involved-in-a-car-accident-now-what/2015/
https://www.tuningblog.eu/wp-content/uploads/2020/01/Airbag-nachr%C3%BCsten-SRS-Aufprallkissen-e1578294696485.jpg
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Space shuttle and Aerial Vehicles Prone to In-Flight Anomalies

Hypersonic vehicles

Fighter jetsLightning strikes on aircraft

Debris approaching space shuttleBallistic packages

http://www.australiandefence.com.au/defence/joint/australia-looks-to-hypersonic-technology
https://s167.daydaynews.cc/?url=http%3A%2F%2Finews.gtimg.com%2Fnewsapp_bt%2F0%2F11461318938%2F1000
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.express.co.uk%2Fnews%2Fweird%2F1290901%2Fiss-news-anomaly-nasa-space-station-ufo-spacex-elon-musk-atlantis-spt&psig=AOvVaw0vPErcaECPagXzvTxIXGIu&ust=1646527081721000&source=images&cd=vfe&ved=0CA0Q3YkBahcKEwiI_43B3a32AhUAAAAAHQAAAAAQAw
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.taiwannews.com.tw%2Fen%2Fnews%2F4455901&psig=AOvVaw0tUj2kxhCqzLEEQjX8XBPX&ust=1646527180004000&source=images&cd=vfe&ved=0CA0Q3YkBahcKEwiwzLT53a32AhUAAAAAHQAAAAAQAw
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Description of High-rate Dynamics

The deceleration event in drop tower tests typically 

lasts for 0.5ms 

High-amplitude (acceleration > 100 g)

High-rate (<100ms)

Hong, J. et al,. Introduction to state estimation of high-rate system dynamics. Sensors, 18(2):217, Jan 2018

http://facweb.cs.depaul.edu/sgrais/ballistic_photography.htm
https://linex.com/security-and-defense/blast-mitigation
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High-rate Dynamics systems

large uncertainties 

in the external loads

high levels of non-stationarities 

and heavy disturbances

unmodeled dynamics from 

changes in system configuration

Dodson, Jacob, et al. "High-rate structural health monitoring and prognostics: an overview." Data Science in Engineering, Volume 9 (2021): 213-217.
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Technical Challenges of Estimating State of High-rate Dynamic system

Dodson, Jacob, et al. "High-rate structural health monitoring and prognostics: an overview." Data Science in Engineering, Volume 9 (2021): 213-217.

Adequate sensing

Limited resources for 

algorithm implementationHigh variability in loading

Lack of system Knowledge

Sensor 

response
Duration 

of event

Different 

behavior 

regimes

Algorithm 

execution 

and 

decision 

making

Current goal

1ms

3 µs – 10 µs

250 µs – 1 sec

30 µs – 100 ms

Unmodelled dynamics

https://www.google.com/url?sa=i&url=https%3A%2F%2Fbuy.wilcoxon.com%2F731a.html&psig=AOvVaw301GtYp4fZ_IQNzjMHYVFb&ust=1646534409443000&source=images&cd=vfe&ved=0CA0Q3YkBahcKEwjA8-Dx-K32AhUAAAAAHQAAAAAQCw
https://www.google.com/url?sa=i&url=https%3A%2F%2Fbinsfeld.com%2Fwhat-is-a-strain-gage-and-how-does-it-work%2F&psig=AOvVaw22ILvduvJoKwXxHaMBosLT&ust=1646534529192000&source=images&cd=vfe&ved=0CA0Q3YkBahcKEwiQkPmt-a32AhUAAAAAHQAAAAAQAw
https://www.eclipse.org/elk/img/algdev_algorithmimplementation_layout.png
http://www.pragcap.com/why-have-global-macro-hedge-funds-underperformed/
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Reproducing High-rate Dynamics in Laboratory

Joyce, B., Dodson, J., Laflamme, S., & Hong, J. An experimental test bed for developing high-rate structural health monitoring

methods. Shock and Vibration, 2018.

DROPBEAR

testbed
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Real-time FEA model updating

Downey A., et al,. “Millisecond Model Updating for Structures Experiencing Unmodeled High-Rate Dynamic Events” Mechanical Systems and Signal 

Processing 138, 2020
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FEA Computation speed for the DROPBEAR

Carroll, M., Downey, A., Dodson, J., Hong, J. and Scheppegrell, J., “Analysis of Computation Speeds of Eigenvalue Solutions for High-Rate Structural 

Health Monitoring.”

General Eigenvalue solutions 

accurately estimates the state 

of the DROPBEAR

FEA model Limited 

to 23 nodes

Solving for system’s frequencies 

accounted for 90% of algorithm 

iteration time
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Downey A., et al,. “Millisecond Model Updating for Structures Experiencing Unmodeled High-Rate Dynamic Events” Mechanical Systems and Signal 

Processing 138, 2020

Real-time FEA model updating Results
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Local Eigenvalue Modification Procedure (LEMP)

Avitabile, P., “Twenty Years of Structural Dynamic Modification- A Review,” Sound and Vibration, pp. 14-25. 2003

Drnek, C. R., “Local eigenvalue modification procedure for real-time model updating of structures experiencing high-rate dynamic events,” (2020).

Developed by Wesseinburger in 1968

Reduces the GE equation to a set of second-order 

equations 

Identifies physical changes to the system such as 

mass, stiffness or damping using changes such as 

frequencies or mode shapes

Model the altered state as a mixture of the initial state 

and changes made to the initial state

SUMMARY
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n independent single DOF systems representing the initial state

Coupled single DOF systems representing the altered state

Local Eigenvalue Modification Procedure (LEMP)

Drnek, C. R., “Local eigenvalue modification procedure for real-time model updating of structures experiencing high-rate dynamic events,” (2020).

Modification
Original 

State
Altered 

State

Physical 

Space

‘N’

Physical

DOF

𝐌2 , [𝐊2]Δ𝐌12 , [Δ𝐊12]𝐌1 , [𝐊1]

Modal 

Transformation
M<<Nx = U2 {p2}x = U1 {p1}

Modal 

Space

‘M’

Modal

DOF

Ω2
2 , U2p1 = U12 {p2}ω1

2 , U1

Solved using Divide 

and Conquer method

http://www.me.sc.edu/Research/Downey/publications/Theses/Drnek_2020/Drnek_2020_Local_Eigenvalue_Modification.pdf
http://www.me.sc.edu/Research/Downey/publications/Theses/Drnek_2020/Drnek_2020_Local_Eigenvalue_Modification.pdf
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Local Eigenvalue Modification Procedure (LEMP)

Additional simplification is achieved 

by truncating n independent single 

degree of systems to include only 

the m modes of interest.

Drnek, C. R., “Local eigenvalue modification procedure for real-time model updating of structures experiencing high-rate dynamic events,” (2020).
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Single-State change Estimation with LEMP

Initial state generalized eigenvalue solution

Initial state of the 

system (beam).

Construct the elemental mass and 

stiffness matrices (𝐌1 and 𝐊1 )

solve the general eigenvalue problem to obtain 

the squares of the first n natural frequencies, 

and the first n modal vectors for the initial state

Initial state of the system (beam).
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LEMP Implementation

Initial state of the 

system (beam).

Step 1: Addition of roller condition

Step 2: Spectral decomposition of Δ𝐊12

Step 3: Set truncation: include only contributing 

nodes

Δ𝐊12 = (0 0 0 0 0 0 0 1e10 0 0)

T = (1 1 1 1 1 1 1 1 1 1)

𝛼 = (0 0 0 0 0 0 0 1e10 0 0)

The contributing vectors are reduced to only those values in the 8th row of each matrix.

Altered state of the system (beam) 

with added roller condition (spring)
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LEMP Implementation

Step 4: Obtain 𝛀𝟐 using Divide and conquer 

Mode Frequency (D&C) (Hz) Frequency (Solveset) (Hz) Error (Hz)

1 293496.95719048503 293496.95719048500 58.21 x 10−12

2 13405184.4772621 13405181.1772621 33.00 x 10−1

3 33185211.781733 33185095.485877 11.63 x 101

4 101330615.342713 101330615.250119 92.59 x 10−3

5 69856604350042.539 69856604350042.500 39.06 x 10−3

Ω2 values using 

D&C and Sympy

function “solveset”
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LEMP Implementation

Step 5: Solve for new frequencies

The new natural frequencies 𝑓2 in Hz are then calculated for 

the five modes in the model utilized.

Step 6: Update roller position

The final step of the process is to use the obtained 

frequency value to determine the position of the added roller 

on the beam.
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LEMP Algorithm Timing

• Increasing the nodes increase 

the accuracy of the model

Timing for each step

Timing with element number 4 to 30.

Distribution of 1000 simulations

• <28 nodes achieves the 1ms 

times constraint
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Generalized Eigenvalue and LEMP

Beam frequencies at each nodes on addition of roller at node 4 for first five modes

1

3

2

4

5
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Generalized Eigenvalue and LEMP

SNR & Error mode mean absolute error (Hz) SNR dB

1 0.2989 30.02

2 0.3193 33.38

3 0.5575 33.54

4 9.8136 25.10

5 262.80 13.18
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Conclusion

Experimental results demonstrated an average time of 0.361 ms for single state change 

updating was achieved using the five nodes beam. 

Future Work

In future work, the LEMP algorithm will be applied to more complex state estimation.

Results showed that the frequencies obtained for estimation using GE and LEMP are 

close with high SNR and low error at the nodes. The error at the fifth mode is expected 

to reduce as the number of nodes in the beam increases.

The LEMP algorithm has the potential to enable real-time frequency-based model 

updating of complex systems that would not be achievable using the general eigenvalue 

approach.
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