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- Current operations :
What problems are we facing?

« Economic Pressures
— High Operating Costs: Labor intensive
operations with specialized workforce
» Workforce Challenges

— 24/7 Staffing Demands: Continuous operations
means Continuous Staﬂ-' and backup person ne| https://en.wikipedia.org/wiki/Control_room

o S i e
L :

* Operational Limits
— Geographic: Difficulty for staffing in remote
areas, where nuclear can potentially help most
» Deployment Barriers

— Public Perception: Safety concerns and
historical human-induced incidents

https://inl.gov/nuclear-energy/future-of—mining-is-microreactors-idaho-national-laboratory-sees-big-benefits/
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- How are we planning on achieving autonomous operations?

Autonomous
Operations

Human-
: : Control :
Hardware Requirements Integration Algorithms Machine
9 Interface
® ® ®

Simulator Hardware Testing Autonomous Operations

Familiarization of reactor operators with Keeper Keeper sends signals to move decoupled Reactor operators provide desired state, and
control rods Keeper informs operators of actions after they

have been taken

Human in the Loop Permission-Based Autonomous

Ops
Real operational data ingested into Keeper, Keeper will seek permission for desired actions
operators enact actions before executing them
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Hardware — What are we demonstrating on? N
/ SCOG00ES
| 00000000 \
g 00000000 ..
» TRIGA Mark Il reactor. i S S S e T
ginally i - .o gssseee
— Originally in Puerto Rico 313444
— Brought to ldaho and converted from HEU to HALEU ‘\\ ./
 Basic design facts: A \,/
— Full-power 250 kW : eg:w::\\ ? __ |
- Natural circulation in tank - |
— UZrH fuel enriched to 19.75% 2000 o e
« 5+ years of historical data R
« Magnetically coupled control rods to motorized drives ;
— Autonomous control will only interact with motors o
— No interaction with safety system (magnets) N e W s e

Control Rod Position [unit]

IDAHO NATIONAL LABORATORY




- Requirements — How do we go about demonstrating
autonomous operations?
Smtambrm| | e

- Requires an update to the Safety Analysis w2 | 1
Report to allow for Keeper to interface with | IR Approal __Sf‘jfff”_"_i"’_ g
the console N —

CR

+ Development of a Concept of Operations okt o j""’ “ "

(CONOPS) Track ) :II-};,IE:{L:)P S g CRIZ:ILans;eELtEdr Track

— Highlights how reactor operators will | |
interact with Keeper J

Phase 6
Block 3 Permission-

- Development of a Test Plan T
— Highlights how we plan to build on testing AC Startap
success to comply with DOE-STD-1271
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- Integration —

How do we connect the physical and virtual?

« Digital twin ontology has been developed
— Generic reactor digital twin
— Autonomous operations digital twin

* Initial integration with DeepLynx Nexus
— Imported NRAD ontology
— Identified how to push and pull data

* Initial integration with COMMAND for

synchronization

— Can pull and push data to DeepLynx
= Can run initial ML and control models

NRAD Data

DeepLynx

Bridge

DeepLynx
Nexus

Digital Twin for Autonomous Operations
High Performance ’
Computing Azure Government Cloud/AWS Could/Local Computer Reactor Facility
J - F l Data Acquistion
L | System
5 8%
Sensor readings
ML Training and Machine Learning from a reactor
Tesling DeeplLynx
Traini nd Data warehouse
. s'tinrzl?::?'r;chine Data forecasting, for storing reactor,
learning model(s) anomaly detecticn physics, and ML
daia
"\ M }__ I
W L Il
: 8%
o =
MPC/RL Training
and Testing MPCIRL Data Ingestion
Training and — Ingest data for
. Determination of g
testing for RLIMPC conirol policies Deeplynx,
model(s) process control
rod requests
¥
[] . .
i Graphical User Interface
Physics Models Surrogate Model
High-fidelity and Physics-based Immersie and
time-dependent models determine interactive display of
physics models for how the reactor data streams
surrogate mode| should behave at
training near real-time

’ COMMAND
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- Control — How do we change the state of the reactor?

Proportional-Derivative Controller (classic)

« Developed three operations regimes: startup, at-power, i A=) | convoler

P (error) + D (rate)

shutdown

» Keeper can be controlled using three control algorithms

In at-power operations N N o
. . i ] Model Predictive Control (optimized-deterministic)
— Proportional-derivative controller (classic)

— Model predictive control (optimized-deterministic)
— Reinforcement learning (Al-based)

* Algorithms will provide control action(s) to take (i.e.,
new control rod positions)

— An action should arise every N seconds; this is an
area of discussion and feedback
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Human Machine Interface — How do we decide what happens?

Simulator

NMP1 Power (kW)

’ 249.2!:5

250

Shim 1

Shim 2

NMP2 Power (kW)

‘ 251.6!“
250

794 [M]

|

798 [M]

Reg

798 [M]

| Magnet | | Magnet | | Magnet |
Lw | [ w | [ w |
| Down | | Down | | Down |
Previous Actions Performed

Mo acknowledged alarms yet.

NMP3 Power (kW) Heat Exchanger Inlet Heat Exchanger Outlet Flow Rate (gpm)
Temperature (c)
Reactor Period (s)
1250.5’3 [ 25\ 120
250
NMP 1 Power (kW) NMP 2 Power (kW) NMP 3 Power (kW) TBD TBD TBD

300 300 300 23 23 1000
> > »>

150 150 150 22 22 500

4 0 4 0 4 0 21 4 21 4 p 0

249.2 251.6 250.5 29.0 25.0 0.0

Actions to take

Ta increase power to 250 kW, Keeper will adjust the Reg control rod

to position 80D,

8- NMP 1 Power —g- NMP 2 Powes NMP 3 Power
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- Putting it all toget

er

S 0,2 14:09:30
CRITICALITY REACHED
Mode: SCRAM

Startup Operations  Shutdown

Heat Exchanger Inlet

NMP3 Power (W)
Temperature (c)

NMP1 Power (W) NMP2 Power (W)

Reactor Period (s)

1929 0

1 1 1

1000 1000 1000

Heat Exchanger Outlet
Temperature (c)

0

Flow Rate (gpm)

120

Shim 1 Shim 2 Reg

TED TED TED TED

1000 1000 1000 23

1.0 1.0 1.0 NaN NaN 0.0
780.86 [M]  782.02 518.77 [M]
| Magnet | | Magnet | | Magnet | @~ NMP 1 Power -@~ NMP 2 Power NMP 3 Power
Lo | [w ] [w ] "
[oow | [oown | [ cown | 1 )
oa]
i o5
044
No current alarms as of 00:02:59 i |
N
00:01:20 00:01:23 00:01:46 00:01:59 00:02:25 00:02:38 00:02:51
Time

RN -

Current Set Power: 1000

Actions to take

Move reg rod to unit position 518.77.
00:02:59

Previous Actions Performed

Move reg rod to unit pasition 51877
00:02:58

Move reg rod to unit position 519.55.
00:02:49

Move reg rod to unit position 518.77.
00:02:57

Move reg rod to unit position 519.55.

00:02:48

Projected Actions Needed

No pending slarms.
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- Where are we going?

Simulator Hardware Testing (Nov. 2026) Autonomous Operations (May 2027)
Familiarization of reactor operators with Keeper Keeper sends signals to move decoupled control Reactor operators provide desired state, and
rods Keeper informs operators of actions after they

have been taken

Human in the Loop (Testing) Permission-Based Autonomous

Ops (March 2027)
Real operational data ingested into Keeper, Keeper will seek permission for desired actions
operators enact actions before executing them
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Battelle Energy Alliance manages INL for the U.S. Department of Energy’s Office of Nuclear Energy.
INL is the nation’s center for nuclear energy research and development, and also performs research
in each of DOE’s strategic goal areas: energy, national security, science and the environment.
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