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 Battery integration requires safe and efficient testing

« Energy management is paramount for system reliability and
robustness

« Complex systems require a vast set of digital twins

Naval Sea Systems Command (NAVSEA), Naval Power and Energy (NPES) Technology Development Roadmap,2019
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BATTERY INTEGRATION'‘CHALLENGES

high energy radar

drone  drone charging low energy
station radar laser weapon

Electrification In Naval Ships requires energy
storage for buffering and supplying pulsed power

Lithium-ion batteries provide dense and efficient
energy storage but are impractical for frequent :
teSting switch gear

gearbox AC motor

“The Navy has embraced advanced modeling battery ~ generator
and simulation techniques currently being Emulated Battery Physical Battery

employed in power-hardware—in-the-loop (PHIL) .

component testing... "m safe Jpotential short

L

) long recharge
dynamic and rest time
electrothermal

Thrust 1: Coupled electro-thermal hardware-in- response |
the-loop battery emulator provides: rapid testing fesourees
* repeatable conditions _
« limits cost R o e
* saves time
+ safety

inexpensive

[1] Naval Sea Systems Command (NAVSEA), Naval Power and Energy (NPES) Technology Development Roadmap,2019
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SHIPBOARD ENERGY MANAGEMENT

“IPES utilizes integrated energy storage and

power along with advanced controls to laser (2

provide a distribution bus suitable for

servicing highly dynamic mission load” railgun 1]

Batteries should be distributed redundancy.

High powered Pulsed loads
* Inject harmonics
 Affect buss voltage and frequency
« Stressful to energy storage

Intelligent control is needed for longevity

Thrust 2: digital twin-informed Adaptive
agent-based droop control

* Eaf\ftlfelﬁre]gy sharing load across distributed Notional Navy DDG(X) hull design. PEO Ships Image

» Improving longevity of energy storage

6
[1] https://lwww.defenceiq.com/naval-maritime-defence/articles/us-navy-prototype-railgun-is-awe-inspiring
[2] https://www.popularmechanics.com/military/research/a17764166/navy-four-laser-weapons/
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« Energy management is paramount for system reliability and
robustness
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« Complex systems require a vast set of digital twins

Naval Sea Systems Command (NAVSEA), Naval Power and Energy (NPES) Technology Development Roadmap,2019
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DIGITAL TWIN-EXPANSION"

Electrical Domain Thermal Domain
High fidelity Low fidelity High fidelity

s

Systems are becoming larger and
exceedingly complex

Creating digital twins for monitoring and
control are increasing per component s
niormational image

Operators faced with massive cognitive
burden. =

: Digital twin

Thrust 3: Conversational Intelligent Agent
for Digital Twin Enabled Systems

« Simplified natural language bridge to digital
twin systems
Energy Boost

» Scalable to complex systems storage  converter
» Decrease cognitive burdern Pulsc load Other loads

K. Sado, J. Peskar, A. R. J. Downey, H. L. Ginn, R. Dougal and K. Booth, "Query-and-
Response Digital Twin Framework Using a Multidomain, Multifunction Image Folio," in
IEEE Transactions on Transportation Electrification, doi: 10.1109/TTE.2024.3425276.
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ABSTRACT austindowney sc edu
Rescarch on digital tins for power electranics has driven the creation of a vast range of digital twin images
in terms of domains and fidelities. This large library necessitates a method to aclect and use these digital twin
cific questions. In prior works, the authors proposed a framework for asking questions to a ai and ellicient power manugemeni 05 4 necessary
rh;ulnl twin l'hm incorporates natural language processing (NLP) based inference algorithm which can select a i naval miceo ul distributed control of b hn una-p
,

atte
combination of digital twin images to hest answer the intentional meaning of a query. This NLP algorithm works storage systems (] that account for hoth e reduced com cligble sysicr
e = educed component degradation o e sclabe system
o parse keywords in a user’s query allowing & query-image mapping algorithm to map the keywords to relevant vermal WNN‘"‘-‘ This work infegrates a deces H‘m-i‘ -ﬂh :
to parse ks ! query allowing & q ge mapping algorithm to map the k d to relevant e & decent m:d performance 7],

digital twin image and its dependencies. This required keywords ta be mapped through a structured database

twin image 8 3 . archical droup contral, agent mamge L v increasingly cmployed
that uses static hard coded entries to gauge the intent of the query. This is an easy to implement approach for a battery ESS in a distributed nu:m\:ml leveraging digital s \lr their cooperative conurol capabilit nd
applications that require only o limited number of digital twin images: however, it is limited in both scale and i Bpulsted Stste informaticn 1o determine hoad sharing sod s aapation o dynamic. grid conditions [7). Prior
generality. preserve system health, The sydo « PR work presented an adaptiv m-based control scheme 1o
This work proposes the implementation of a large language model (LLM) based intelligent agent to be used ad o mieragrid. E optimiz Jhmmm M(_ v .M"m,,,. into hybrid naval
Conversational Al hias become an increasingly powerful igital tvin for 3 i e ased
aseet deployed in applications across v o main benefit of these conversational Als is thoir " . ‘. ¥ hree diffocent rotes.  tor, loads, o N n‘”,h,w, ———
ability to interpret general meaning and provide responses to a broad set of queries. Harnessing this capability 4 ESS reaches N o e agent's actions whe
reatly inerease the scale of the previously proposed framework and more specifically its adaptability and . Simulati shaw the hierarchi entralized coordinator. This method improved gid
ality. This work demonstrates the integration of an Intell it agent composed of a base LLM model along
with a tool call framework to plug into the digital twin image portfoliss addressed in the prior work. Results o N:‘.‘:”'f‘_:"":”
demonstrate and eompare the key benefits sueh as effieiency and adaptability while diseussing the chalenges of BT bre. The Broposed harsmorts suggents 3 . toward
intelligent agent integration. od nance burden through more balanced batiery  To avoid SPOF, the agents need to operate independently with
global as possible
onm- u\mm\ is wam implemented in DC microgrids
load sharing among parallel con-
entralized approach, allowing cach

Keywords: Intelligent Agent, Digital Twin, Digital Images, Large Language Model, Conversational Digital
Twin, Power Electronies, AT in Power Electronies comires; DC mirogde, dhighaard
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« Hardware-in-the-loop emulation
 Battery control systems
* Ai In power systems

A

Electro-thermal battery Emulator
W

Digital twin-informed Adaptive Agent
L

Conversational Intelligent Agent
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FIRST THRUST

bidirectional

T = ‘ Electro-thermal
e - Battery Emulator

Z
—— = rear view
ront view
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ELECTRO-THERMAL BATTERY -
EMULATOR

» Key Points:
» Model Coupled thermal and electrical dynamics
« Emulation of both thermal and electrical responses
« Chemistry agnostic

» scalable for sizing investigations
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» Coupled Model

» Electrical model

« 2nd order equivalent circuit
model

* Thermal model
e 1st order 1-D heat transfer

* How they are coupled

» Both models use look up
tables dependent on the
same variables

Electrical and thermal
model input parameters are
updated based on SOC and
temperature

08/14/2026

v

look up tables“ electrical model

thermal model

Teell

dv
—- = 0CV(SOC) = IRonm = Vrye, ~ Vryc,

chell Tamb - Tcell
cell dt = + IzRohm

l Rconvectionl l J
Ll
Qgen

Ll
Qambient
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BATT E RY T E S‘TiN@efense or the U.S.

* NHR 9200 Battery Tester
* Machine is controlled using LabVIEW on a
laptop
* Incufridge
* Regulates the temperature of the battery

« Temperature is tracked by two
thermocouples

LiNi,Mn,Co,.,, 0, LiFePO,

rallel batteries
Ea 1,2,and 3

A

§ temperature control |

chamber
( 3

battery test ;
dules 1, 2, and 3 gL
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DATA COLLECTION =

4.0

Data from a K2 Energy LFP26650P 3.8 1

Hybrid Pulsed Power Characterization data
used to fit time constants with nonlinear
regression at 20, 30, 40, & 50°C

Heat transfer coefficient and heat capacity o

]
(o)}
1

2
I~
1

«—Charge pulse

battery collected from thermal steady state
testing

W
(]
1

discharge to

/ next SOC
parameters

capacity (T) T
open circuit voltage (SOC, T)

electrical potential (V)

It
=]
!

electrical

.l\.)
co
1

terminal resistance (SOC, T)

fast and slow time constants (SOC, T)

discharge

open circuit voltage (SOC, T) pu]se

g
o
|

surface area

thermal | convective heat transfer coefficient

<

5

mass

specific heat capacity
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HARDWARE PREVIEW "°coemm
® ey .

i N Vel
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"

9 o = o "!
R C ' B flowmeter

bidirectional = M

power supply , /
| | B / thermocouples &

/ .

thermal power suly

in-line
e EITUN heater
b data acquisition P8
and control

rear view
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PACK CONFIGURATION =" b

« Battery Pack x44
» 4458P

Nominal Voltage = 140.8 V
Capacity = 17.44 Ah >C01d plates
Power @ 1C = 2.456 kW
* Power @ 2C =4.911 kW
x8

achievable C-rates for 17.44 Ah battery

6kW 12kW18kW

=

———bus bars
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) Rohm )
Ipack > > IXNparalle

« Making use of single cell characteristics Toaraliel ™| by VX series
to predict pack behavior oc

 Electrical Scaling
* Model Parameters are left the same

* Input current is divided by number of cells in
parallel .

» Voltage output is scaled by cells in series and , Orison J'
curre”ntI output is scaled by number of cells in liquid cooling
paralle

» Thermal Scaling
* Q,, is heat from pack to liquid cooling

» Log mean temperature difference (LMTD) is used
to estimate the temperature difference driving AT e
heat transfer from pack to water Cpack% = l—UAliquid convLMTD + {modzRohcheq

« thermal mass, Area is scaled, current left as pack 0. 0.
level current out gen

Battery Pack

Rliquid cooling

ATinlet - AToutlet

LMTD =
ATinlet

In
(AToutlet
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water flow 3l bidirectional
— ; fl power supply

flow meter

thermocouple thermocouple

(T
TT T
\r/ heater \/

b data acquisition #
§ and control

real-time | sensor f.i
controller 1 o

| current sensor | _(ovoltage:
1 Sensor

bi-directional
power supply

rear view
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MODEL INTERFACE'WITH'HARDWARE

» Electrical

08/14/2026

 Voltage setting for bidirectional is linearly scaled to the analog control input of
the bidirectional power supply

model calculated
voltage output

—]

analog control signal to bi-
directional power supply

 Thermal

» Heat loss is calculated by model (LMTD)
» Heat loss is used to calculate outlet temperature
* PID controller is designed to replicate calculated outlet temperature

model calculated
heat to water

ﬁ

use heat to obtain
new outlet
temperature

P physical voltage is set

ﬁ

set PID to achieve that
outlet temperature
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n Case 1

» Case studies were made
to investigate the pack
level response and
emulator’s ability to

reproduce them

e Case 1: Loss of modules
(fault state)

» Case 2: Dynamic Load
(time variance)

current (A)

| 1
6 8
time (min)
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CASE STUDY-1: MODULE LOSS
EXPERIMENT (1C-RATE)

« Emulated Battery Pack: 44S8P 150 |
* Vnominal: 140V I
« Capacity: 17.44 Ah

« Emulator supports fault
injection/abuse scenario that
would not be tested on a real
battery pack

Pack Voltage

T

[E—
N
[¥,]

—_—

B~

)
T

—_—
98]
N

—_—
(98]
)

[
[\
W

electric potential (V)

—healthy output
-|= =healthy model
damaged output
-= =damaged model
module loss
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[\
<

10 20 30 40
time (min)
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CASE STUDY-1: MODULE LOSS
EXPERIMENT (1C-RATE)

rs Pack Temperature
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CASE 2: DYNAMIC'LOAD (DRIVE CYCLE)

147

EPA Urban Dynamometer Driving Schedule 146
(UDDS) estimates EV operation to
demonstrate rapid load variability [1]

Emulator was loaded with a UDDS drive
cycle profile at 50% SOC

Demonstrates capability of emulator to

follow highly dynamic load profiles

._.
N
—

UDDS current profile
T T

electric potential (V)
~
[\

N
[e)

current (A)
%)
N

1 1

6 8
time (min)

[1] L. Almatrafi, S. Badaam and S. M. Qaisar, "Electric Vehicle Performance Evaluation Using UDDS, NYCC and
WLTP Drive Cycles," 2023 20th Learning and Technology Conference (L&T), Jeddah, Saudi Arabia, 2023, pp.
103-108, doi: 10.1109/LT58159.2023.10092321.00
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CASE 2: DYNAMIC'LOAD (DRIVE CYCLE)
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SECOND THRUST Digital Twin-Informed
Adaptive Agent

Based Battery Control
for High Powered
Pulsed Loads
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Digital Twin: Conicept andVision

* Virtual representation of a
physical counterpart

« Updated using data from the
physical counterpart

* Enables prediction,
monitoring, and decision-
making

VERIFICATION, VALIDATION, UNCERTAINTY QUANTIFICATION / ETHICS / SECURITY

FROM PHYSICALTO VIRTUAL

Sensor fusion, data assimilation,
inverse problems

Physical {¢) Virtual
counterpart representation

Sensors and observing Modeling and simulation;
systems, data acquisition, artificial intelligence;
and data integration first-principles, mechanistic,
and empirical models;
and visualization
FROM VIRTUAL TO PHYSICAL

Automated control and decision-making

VERIFICATION, VALIDATION, UNCERTAINTY QUANTIFICATION / ETHICS [/ SECURITY

National Academies of Sciences, Engineering, and Medicine. 2024. Foundational Research Gaps and Future Directions for Digital Twins. Washington, DC: The National

Academies Press.
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Interacting with the Digitali Twin

« Enables a query-response
Interaction

* Physical counterpart provides
measurements

* Queries probe the virtual
representation

* Virtual representation returns
predictions

* Responses guide actions on the
physical counterpart

08/14/2026

decision-maker

queryl Tresponse

virtual representation

‘-ﬁa

measurements

physical counterpart

execute

10 Kerry Sado, Jarrett Peskar, Austin R.]J. Downey, Herbert L. Ginn, Roger Dougal, and Kristen Booth. Query-and-response digital twin framework using a multi-domain,
multifunction image folio. IEEE Transactions on Transportation Electrification, pages 1-1, 2024. doi:10.1109/tte.2024.3425276
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ADAPTIVE AGENT-BASED'CONTROL

auxillary load

¢ Key POIntS: Physical Layer

* Intelligently share load I

A \4

across batteries under Agent 1| [Agent2

dynamic pulsed loads AgentLayer 4 1

SOC

* Integrate digital twin g

information ]| B e

* Improve longevity Semon e A

current battery

voltage droop Ry

temp

A 4

ES 1

Physical Layer
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SYSTEM TO INVESTIGATE

 Auxiliary load bus is modeled
for the pulsed loads.

* Includes 3 Battery energy
storage systems (BESS)
* Includes : - {control
» Converter
« Battery
 Digital twin
» contactor

3 position switch for modes:
» Charge
» Discharge
* idle

sensor i
m

sensor p
mn

agent
1

agent
2

.| control

M e e e o ——————————————— —— o]

main bus
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AGENT COMPOSITION" "~

« Agent is composed of a : soc
dedicated digital twin and | o [
internal logic

 Battery digital twin receives
current and temperature from resistance

active battery and predicts : battery
urrent and temperature energy storage

s RU L/SOH system
« SOC

« Agent logic monitors constraints

and determines operation mode
° SOCwin < SOCBEss < SOChax

constraint violated load>0A

\ 4
charge mode: discharge mode:
connects to main bus determine droop
charge at nomil],qll ]rate resistance

i IEEH:-S i I;nzlx

idle mode:
disconects from both

35 : busses

[1]1 L. Lam and P. Bauer, "Practical Capacity Fading Model for Li-lon Battery Cells in Electric Vehicles," in IEEE Transactions on Power Electronics, vol. 28, no. 12, pp. 5910-5918, Dec. 2013, doi: 10.1109/TPEL.2012.2235083.
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 Decentralized control method
for load sharing

» Adjust source voltages linearly |
to adjust current contribution l

I

I

« Standard droop equation:

Vset,i = Vo — Ra i 1;
Rd,min < Rd,?} < Rdrnla,x;

[1] Du, Yu & Huang, Alex & Xue, Fei & Yu, Ruiyang. (2014). A Modular Integrated Li-ion Battery Pack with a Multi-Core Based Transformer Isolated Bidirectional DC-DC Converter. 10.1109/EPE.2014.6910785.
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AGENT HIERARCHICAL CONTROL

« Building hierarchical control by modifying Rd:

° Primary: Rd,base — 0.33

» Secondary : Risoc = Rapase - (1 +a(0.5 - S0OC)|0.5 - 50C])

Where: (< o <4

| P _ Rasoc
 Tertiary: d,RUL — RU L2
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POWER FLOW'CALCULATION

System level Power flow Representation

K& E K

sensor |
m

sensor b
m

agent agent
1 2

.| control .. control

RdlBESS 1 g Rd'BESS 2 § Rd'BESS 3 g

on!

101V _|

main bus

B e o o ————————————————— ]
o o e ]

main bus

Vset — Vbus T Rd * Ii

38
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* The selected load sequence is
composed of a mix of dynamic 30
pulse trains _

« Sequence is repeated until end of %2
life for a BESS

« Magnitude of the load profile is
scaled to testbed power levels.

0

2 3
* Three 3.8 kWh SimpliPhi time (min)
batteries to satisfy the load.
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1

1 e thgse of the author and
PRIMARY DROOP-=.

DO4-

* R, is set to static 0.33

» Evenly splits load across BESS 3 EOL at
BESSS T ' ' | ' ' ' 6.28 days

« SOC climbs to limit

» Degradation is evenly
spread

3 4
time (days)

BESS | BESS2 = = =BESS3]| | | BESS2 = = =BESS3| |
— — —

Initial
SOC

ngn [ — » — . . ke [ — r-—| i—'| . r-.-|-
Initial 0.8 0.7 0.6 _ i | i | | |
r | | | oo i 5r | 1 | | B -
SOH NI HIEIRIEIEEN
O_I_..n_._.lgl_l._._a. SN S SN R SN —— 0—-—--'—-—-—'—“- j—‘— — el — s
0.4099 0.40995 041 041005 04101 041015 04102 041025 04103 550135 5.5014 5.50145 5.5015 5.50155 5.5016 5.50165 5.5017 5.50175 5501
time (days) time (days)

current (A)

current (A)
(=] (5] (]
(=] w (=]

w
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1 T : : : .

 Droop resistance defined
by T2 3+ s 67N

. . . . . . . BESSs EOL
Rd‘SOC . | at 7.8 days

RUL?

 Load share split by both
SOC and RUL differences.
sl
3
Initial 0.8 0.6 0.4

SOC

Initial 0.8 0.7 0.6
SOH time (days)

RgruL =
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» Digital twin informed agent extends e
distributed energy range with minimal lifetime
communications and sensors extension

Baseline:

* With tertiary RUL control range Static droop 6.28 days

extended by 25% Agent control
. . . : . . (tertiary control)

static droop
agent control |

+25%

time (days)
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THIRD THRUST

Conversational
Intelligent Agent for

w2 Digital Twin Enabled
Systems

response «——>| digital twins ‘
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* Natural language processor with
digital twin mapping algorithm
» Used hard coded key words to
map:
* Query to intent
* Intent to digital twin activation

« Efficient, but lacks scalability and
generality

K. Sado, J. Peskar, A. R. J. Downey, H. L. Ginn, R. Dougal and K. Booth, "Query-and-Response
Digital Twin Framework Using a Multidomain, Multifunction Image Folio," in IEEE Transactions on
Transportation Electrification, doi: 10.1109/TTE.2024.3425276.
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LARGE LANGUAGEMODELS

» Transformer based Deep neural
network trained on large datasets
to predict and generate text.

« Embedding Layer

* Tokenizes discrete text into
vectors

* Transformer Blocks

* Relates each token to all others in
its context

* Unembedding Layer
« Maps back to vocabulary space

» Probability distribution to predict
next word

Vast Text & Code Data

Labeled Data

Fine-Tuning
(Supervised)

LLM
(Transformer
Architecture)

N
\

Transformer Layers
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* Replace NLP and mapping algorithm with
LLM and structed tools

 LLM: llama 3 70B groq tool use

» Base llama 3 model with 70 billion
parameters

» Fine tuned for tool use by the Groq team

inteligent agent structure

Documentaiton

execution|
response digital twins

K. Sado, J. Peskar, A. R. J. Downey, H. L. Ginn, R. Dougal and
K. Booth, "Query-and-Response Digital Twin Framework Using a
Multidomain, Multifunction Image Folio," in IEEE Transactions on
Transportation Electrification, doi: 10.1109/TTE.2024.3425276.
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Prompt

Role: "You are an expert tool calling assistant for digital twin models

System under control: The system you control is a battery that interfaces with a load bus
through a boost converter

o LLM ve p pt and
re Ce Ive ro m a n Available sensors: - Current from converter output "load_side_current_converter"

- Case temperature of the converter "Converter temperature"

q ! Reasoning: "Before acting, classify the user request into one of three intents:

. 1. STATUS QUERY - User is asking about the current state of a DT.
[ ] P t b " Only call get DT _state and finish. Do not activate anything.
ro m p CO m I n e S " 2. EXPLICIT ACTIVATION - User directly requests activation or
deactivation. Resolve dependencies and activate in correct order.
L] RO I e You must check if inputs to a digital twin are available before activating it.
3. OUTPUT REQUEST - User asks for a value or signal that requires a DT
to compute. Identify which DT produces that output, check and resolve

¢ SySte| I I dependencies, activate required models, then report the output capability to the user".

» Reasoning instruction

intelligent agent structure

documentation

RAG prompt

tool,
execution

digital twins

response
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TOOLS & DOCUMENTATION'

Document i
DT name= {identifier for the specific model}

Model description = {natural language description of
what the model is and its purpose}

* D I Ctl O n a r.y Wa S u S e d fo r Model inputs ={inputs needed to operate}
I i b ra ry Model outputs = {outputs the model generates}

* Json schema for Tool call
framework Structured

- search_DT _info
- find_DT by output documents

* Six tool are developed:
« 2 for Agent-DT interaction

- get_DT_state

« 3 for Agent-Documentation e i
interaction

1 for Agent-Human interaction

Interaction with operater

- finish operator
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PHYSICAL AND DIGITAL ‘TWINS

DC-DC boost

* Physical system Il

- Battery interfacing with a load T
bus through a boost converter

* Digital Twins

 High fidelity switching Pkt
converter model wpcan i

 High fidelity Thermal network
model

High fidelity Electrical DT Document High fidelity Thermal DT Document
Name: elh_dt Name: th_dt
Description: This is the High fidelity electrical digital twin of the converter. Description: This is the High fidelity thermal digital twin of the converter.
It uses a switching model to predict accurate electrical behavior and calculate It is a detailed thermal circuit representations of the heat flow from the
power losses from switching and conduction losses. junction to the heatsink..
It operates at a small time step and requires mroe computational resources.

It uses a power losses to predict accurate thermal behavior.
Inputs: load side_current_converter Inputs: power_losses_converter
Outputs: input_side_current_converter and power_losses_converter Outputs: temperature of the junctions, cases, and heat sink

DISTRIBUTION STATEMENT A. Approved for public release: distribution is unlimited.



Approved, DCN# 2026-7-29-2609 08/14/2026

» Action: get_DT_state (“high_fidelity _thermal_model”)
T EST CAl'le ex1ssed are those of the§t§ e;]nd do n@bsenién: STheteidaymDbdyothat name”
of the Départment of D e or the U.S. Government."

(TYPE 2 |NTENT)  Action: search_DT _info (“high fidelity thermal model)

* Observed: “there is a thermal DT named ‘th_dt’, it
takes power loses as an input. ”

. Action: find_DT_by input (“load_side_current_converter’)

Observed: “ that is an input to ‘elh_dt’ ”

Query:
“Activate the high fidelity
thermal model.”

Action: find_DT by input (“power_losses_converter”)
Observed: “that is an input to ‘th_dt’”

Action: get DT _state (“elh_dt”)
Observed: “elh_dt is not active”

Step 9:

Action: set DT _state (DT: “elh_dt”, Setting: “activate)

Agent Response: Observed: “ ‘elh_dt’ is activated ”

“The high fidelity thermal

model has been successfully

activated.” Action: get DT _state (“th_dt”)
Observed: “th_dt is not active”

Action: set_ DT _state (DT: “th_dt”, Setting: “activate”))
Observed: “th_dt is activated”
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(TYPE 1 INTENT) Action: get_DT_state (*high fidelity electrical’)

Observed: “There is no dt called “high fidelity electrical””
Query:
“What is the status of the

high fidelity electrical digital

; Action: search_DT _info(“electrical digital twin”)
twin?

Observed: found “elh_dt” dt is the high fidelity electrical dt

Step 4:

Agent Response:
“The high fidelity electrical
digital twin is currently

deactivated. Would you like
to activate it now or need 4\
information on something Step 3 « Action: get DT_state( “elh_dt")

else?” Observed: “elh_dt is not active”

51
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(TYPE 3 INTENT) - Action: find_DT_by_output (‘power_loss")

Step 1 . Observed: “elh_dt produces power_losses_converter”

® $

Action: get_DT_state (“elh_dt")

- Observed: “elh_dt is not active

Query:
‘I need the power losses of

the converter”
Action: set DT _state( DT: “elh_dt”, Setting: “activate”)
Observed: “elh_dt is activated”

Step 5:

Agent Response:

“The power losses can be calculated using the

High Fidelity Electrical Digital Twin. It requires

the load side current converter as input and D — Step 4
produces the power losses of the converter as

output.”

Action: search_DT _ino(“elh_dt”)
Observed: “received the description, inputs and outputs of
elh_dt’

52
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* Intelligent agent can reason 2-level dependencies.

* Demonstrates accurate behavior given intent reasoning
prompting

* Only requires natural language descriptions of digital twin
models and system

Test Case | Query Intent Tool Calls | Correct
Activate high fidelity thermal model Type 2 Yes
What is the status of high fidelity electrical DT? | Type 1 : Yes

Deactivate the thermal model Type 2 : Yes

I need the power losses of the converter Type 3 ! Yes

What is the voltage output? Type 3 (unsupported) | 6 Partial
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 Electro-thermal Emulator
 Pipeline for cell parameterization to deployed emulation
« Hardware-in-the-loop emulates both thermal and electrical behavior

* Digital twin-informed adaptive agent-based control
« Digital twin integration into BESS droop control
* Improved longevity

* Intelligent Agent for digital twin enabled systems
« Natural language and reasoning interface
» Reduction in operator burden
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« Hardware-in-the-loop emulation
 Battery control systems
 Ai in power systems

A

Electro-thermal battery Emulator
L
Digital twin-informed Adaptive Agent
W

Conversational Intelligent Agent
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* Open Questions:

* Electro-thermal emulator
» Larger datasets for modeling
e Cell to cell variance

¢ Adaptive Agent interpretibility C(l)-n(;m-ls
and interaction validation

« Digital Model updating contro
* Inclusion in larger system

- Intelligent Agent e i
+ Larger system investigation = 1= H T

 Tool expansion for predictions decision complexity context

digital twin system requirements
validation
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