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Research question
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Delay differential equation with distributed time delay

Linearize delayed state

Question: Can we develop numerical optimal control methods based on this approximation?



Optimal control problem

3

Rate-of-movement

penalization

Tracking/economic

objective

Input bounds

State bounds

Zero-order-hold (ZOH) parametrization

Delayed variables

Memory states – given by the convolution

Delay differential equations

Initial state function



Linearize delayed variables

4

Linearize delayed state

Kernel “mean”

Convolution



Discretization w. Euler’s implicit method
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Euler’s implicit method

Approximate linearized delayed variable

Approximate system

Substitute linearized variables



Simultaneous approach
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Transcribed optimal control problem

Discretize the objective function (right rectangle rule)



Distributed time delays from nonuniform velocity profiles
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Hagen-Poiseuille flow Kernel (tau >= tau0)

Minimum travel time Kernel “mean”

*We also derive a formula for general monotonic velocity profiles



Molten salt nuclear reactor
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Fission reaction

Delayed release of a neutron

Reactor 

core
Heat 

exchanger

Coolant

Molten salt w. fuel
Control rod
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Molten salt nuclear reactor model

Mass balance equations Other variables

Delayed variable (Hagen-Poiseuille for a length of L)

Delayed variables (Hagen-Poiseuille for L/2)Energy balances

We control         which affects      ,      , and 
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Numerical example: Optimal ramping
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Numerical optimal control w.

input-dependent distributed delays

Linearize delayed variables

Simultaneous approach

Summary and future work

Kernel approximations

for distributed time delays
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Ritschel, T.K.S., 2025. On Erlang Mixture Approximations for 
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Thank you
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Appendix: Molten salt nuclear reactor model
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Appendix: Numerical example

Distributed time delays

Absolute time delays
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