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Project Overview

Power Electronic for Flow Batteries:

Current B

Lack of system-level components integration
Practice |

CHIL validation prior to deployment is underexplored

Explore the coordination and integration of Flow Batteries components through
the development of Power Electronics systems and associated controls layers

components

INNOVATION

Power electronics-based

: j' Integration is key in Flow battery Systems.

Agent-based System

~

Central Controller

Com)
a) Single RT framework with // * \\ a) Optimal power flow based on
fundamental components | Battery price signals
PN Stacks N
L J b) PE with flexible controls modes e . N T ¥ b) Optimized variable flow rate
/Pumping, [/ DC-DC
' . \ system | A \converter;
N7 . . !
c) Different operation modes % AN

c) Optimized system start-up
\\\ I/ AC'DC \l //

N -
\converter/~
\ /
E N -

Coordination:

ORNL expertise and tradition:

Frameworks considers
fundamental components

© 3

Central controller

. . communicates with agents
Electrochemical + hydraulic + . -
. . performing real-time
in FB systems + Controls electrical subsystems -

. . optimization

Real-time Power electronic Hardware

modeling and CHIL validation architectures development and

controls design testing capabilities CHIL infrastructure that enables rapid testing.
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Project Overview

@ IDIT[Z1ile)g]  Timeline and deliverables

\
-8~ IMPACT
1

A pathway towards an integrated control framework for flow batteries

Who can benefit?

2T .
B
=y D

e Literature review
e Modeling approach Energy Storage I -
FY24 . . o Utilities Grid Operators End user
e Power Electronic architecture definition Integrators P
e Power converters design
Facilitated Monitoring
; Improved integration of ’
Safer operation performance multiphysics ::tri]:;?zl; ?;::,
e Real Time translation components
FY25 o Control modes Q 0 0 0
e Embedded control development
L Alignment with _ :
Application o . Supporting next-generation ESS
Q. strategic pathway
e Agent System implementation
e Central Controller Integration
Fy26  « CHIL \_/a“dat'{)n . _ , _ e Optimized operation and integration of grid-scale energy storage
e Optimization implementation Grid Integration and Field o .
el e Validation platforms for grid infrastructure
¢ Grid flexibility and resilience through ES architectures
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Problem and approach: Flow

o [ ] [ ] r\J
Batteries Components integration ety 5 ‘ ' ' ' N
| Power Electronic breaker i
| Converters !
FB System Components: Guidance towards model development |
* Power electronic - oo |
converters for grid | e | |
interface and | >
charge/discharge
contros L ——
Electrochemical System | 55 N
- Battery Stacks: | VRFB stacks il
Multiphysics | D:ji
POWER ; : |
ELECTRONIC modeling by | <o |
N covering Electrical,

chemical, and
mechanical losses

ore . i Auxiliary System
* Auxiliary pumping | Electrolyte

* Real-time model | Transport and
system structure i Circulation Tank Tank
« CHIL integration and control | 1 2
i Pump drive
» Real Controller hardware integrated | & * AC
’ [ |oc
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Problem and gpproac.h: Flow .Ba.tterle.s
Components integration — Missing Piece |

\
\
T T T T TTTT T T T TT T T AT T | A

|
FB System Components: Guidance towards model development W rortecosyotom [ ¥ :
i i Power Electronic reaker i |
i i Converters :- : :
= AC | |
: bre"ki‘iJ :
) Local DC i |
i load [ DCl i |
|
: )
|
( DC |
ST m— )
! | Blectrochemical System | < N :

I EleC
ELIIED(?'I"II\;E)T\IIC E VB (T < :
] <o ]
INTERFACE : - .
INTEGRATION I 1ill g :
: o |
I > :
R, 8 L S
| |
|| Auxiliary System "Af :
: | Electrolyte Aw g |
. . | Transport and a1 !
 Additional layer of hierarchy control: || Circulation Tenk Tank |
o 2 )
 Sub-system management — Agents || Pumpdrive :
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Approach

A CONTROLLER HARDWARE-IN-THE-LOOP VALIDATION OF POWER
ELECTRONIC FOR FLOW BATTERIES: INTEGRATION AND COORDINATION

Modeling and
Simulation
(non-RT and RT)

Flow Battery technology
modeling for capturing
main characteristics.
Power electronic
architecture definition,
topology and design.

Output:
A RT flow battery platform and

the power electronic converter
architecture

T
Power Electronic

hardware controller
integration

Defining and testing main
control modes for a
flexible solution.
Development of the
embedded controls and
testing in RT.

Output:
Real controllers integrated. Real-

time power electronic solution
running different control modes

(8)

A

o~
Crm)
// * \\
[ Battery
. -7\ Stacks "~
P /

WA

— N7 =\

//A’“\\ 2R 20N
,’Pumping‘I [/ DC-DC |

; \ system ; N \converter;
N / PN \ ’

-7 //"‘\ Se -7

\ N 7
~_/ AC-DC Y 7
Jd |
\\convertefl/

N -

System-level controls:
Agent System

Defined a modular
control approach based
on Agents specifically
formulated to Flow
Batteries, integrated in
the CHIL approach.

Output:
A decentralized yet integrated

control approach for Flow
Batteries

(4)

Central Controller

o —Optimization
o —Graphic interface
o —Historian

g

Optimization:
Central Controller

System
Operator

Integrated the Central
Controller for
communicating with the
Agents and sending
setpoints and
commands, for
optimization and data
collection.

Output:
A centralized master with

optimization capabilities based
on different inputs

Hardware construction
and integration

Build the power electronic
converters hardware for
performing the final
control integration of the
double stage architecture
at scale.

AC-DC and DC-DC converters

build + control boards




System-level control hierarchy — ORNL CODAS Framework

C ontrol and

O ptimization using
D istributed

A gent-based

S ystem for

Resource Management Controller

Control, Setpoints, S,
Measurements,

Settings . -
Configurations

Status,
Measurements,
Configurations

Control, Setpoints,

Settings ¢ ) i

» Coordinates the Resource Integration

* Runs the Agent Systems

 Different types of agents

» State machines for different tasks

* Flexible communication upper and down layers

* Runs the closed-loop controls
» State machines responding to specific events

* Protection mechanisms
« FEthernet link-based communication

Switching signals,
Commands

Status,
T Measurements,

Configurations

R e a I (M RT simulation platform or hardware

| | "ol =
T ime Operations

* Runs the Flow Battery Model + PE converter

— ™ 1l models
H .
— -:ﬂ. T Measurements ° Simulators:

« Typhoon HIL

Integrate and coordinate the system components with a communication and control strategy under the
management of a central controller.
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° ©)] Resource Integ n Controller
[ ]
Resource Integration Controllers: Agents — s
Settings . . o
Subsystem local management and control (@) ms - min STz
"3 Python-based I?, Continuous monitoring Agents for Fl?W Qattenes. Monitoring key variables,
communicating for safety and performance
Independent state User interface and
. ) « AC-DCC ter (PCS .
JHX machines : interaction Converter | * =< ngz;:: gpcs; Resource . Elow Battery Stacks
Agent « AC-DC Converter (Pump drive) Agent Hmps

r Flexible Additional layer of
- communication safety
NMQTT UDP e I S

Temperature Flow rate
Agent Svstem structure Current, Voltage, Power Speed
g y Flow rate Voltage, Current, Power
DC-DC Converter + Flow Battery Stack Agent 7 Losses
Controller
|, I | Converter ’

o UDP Agent [*~-207, i - & A
PWM ! rei - “>~,)| Intelligence |, | Interface . Control :
. | Physical I/0 | €€dPac -7  Agent Agent | : ontro . :

signals | PhYsica /05 signals Resource | =it 9 morr| 9 > TS From: Central Controller or Operator
T Agent- [« W : : To: Controller
—_— - > Stack Settings
MODBUS : .
Model i i Interface
. | . : A ><]
) » Bridges all agents - exchanging messages and orchestrating the system. R SaTe
'“t‘;';ge:'t’ce Ensures all agents are present, control modes are available, checks and v From: Resource or Controller e
matches configurations to proceed with the integration. To: Central controller Configuration
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Resource Manager Controller: Central Controller @ mins

Management and Optimization @) Resource Management Controller
Control, Setpoints, i D T Meaiﬂ?g:ﬁénts
Settings — Configurations'
STARTUP OPTIMIZATION ENERGY ARBITRAGE
* Historian
HP Elite Mini 800 G9

» Dashboard
SHUTDOWN OPTIMIZATION POWER DISPATCH
Intel core i7

All optimization is formulated dynamically based on the reporting devices and
observed status.

- Evaluating the availability, capability, and priority of converters A 5-minute rolling optimizer that:

gggvr:fe%urces connected to each bus until the full system is Dispatches the flow battery to meet bus power balance based
' on a price signal.

High-rated capacity Setel oS Bl encouraged,.an.d grid Respects electrochemical constraints, hardware limits, and SoC
connected and Bus forming converters have priority to start. range
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General Optimization Formulation

Power Limits Converter

N N
Objective: SoCt,, + A Phee Pt < Prax bl Péo < Prmax béo
=0 =0
‘ ‘ Plgl < Pmax blt)l PBO Spmax bBO
State of Charge
SOCt = SOCt-1 4 At(I¢ —Ip) DC-DC Converter + DC Bus AC-DC Converter + AC Bus
C/ /4 Prgsc" < brgsc' Puyaxc PGC‘WES becin' Puaxc’
State of Charge Limits Prgoct 2 0 Peen'2 0
S0Ck,, =0 Prpspt < brgspt Pyaxpt N Pepour' == Peev'
SOCLyy = SOCpy — SOCt Prgspt = 0 gam : 36”” Puyaxp'
S0CL,, = SOCt — SOC 4 12 bpged + brgep! i = t
ch d Disch Limit Pepiv' == 1 Pecour
arge an Ischarge Limits 1> b t+pb t
¢ AC-DC and DC-DC Bus b f_”"g ocin
0<I;< max b t . . , GcIN = Depour
0 < Ilt) max bD 0= (PCCD - PCCC ) * 2 (PGDOUT - PGCOUT) bGCOUTt: bGDINt
bt + b5 <1 0 =2 Pesp' - Ppsc' ) + 2 (Popin' - Pecin’)
Flow ( | .
Qc =K (ﬂ) How much should the flow battery charge or discharge, at
Flowpin = ; wt = Q'SoC" what electrolyte flow rate, and within which SOC operating
Qa = K( T _< oC) region, while respecting electrochemical and power

electronic converter constraints?
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Optimization formulation: Flow vs. (I and SoC) vs Price Signal

25 _ _ « The optimizer decides with which power to charge or ol 100 charing
Discharging oa | ChErOng discharge, driven by electricity price. @ 5-min
14
2 _____________________________________
100 A « That current changes the SoC. 127
7777777777777777777777777777777777777 1 =
BINON 80A S/ « To map the SoC region, Piecewise linearization is performed ol
in k bins in the Flow vs. SoC curve. ‘
60 A 0.6
P . N ~
_ * Inside that bin, the McCormick envelope linearizes the R T et
m T, product Flow x SOC -> reflects mass transport constrains S0C (%)
05¢ l.- .
e The minimum required flow is then computed based on wt ~ Q'SoCt Q'f"" S Q= Q"™
0 | . | . | | | current and SOC. SoC™" < SoCy < SoC™™
10 20 30 40 50 60 70 80 90 ‘

SOC (%)
Two constrained variables: McCormick Boundary for w*

Required flow rate depends on current and SoC. , . , .
Wy = Q™™ - SOC) + Qi - SOCI™™ — Q™M - soc;™™

* Higher flow rate towards end of charging ' o . ] ] Wi 2 QM - SOCy + Qi - SOC*™ = Q™™ - SOC™™
region @ high SoC * This means the optimizer focuses entirely on price-driven Wy < QMM -SOCy, + Qi - SOCM™™ — Q™M . SOC*™
dispatch within SoC and mass transport limits. Wy, < QM - S0Cy, + Qp - SOCTM™ — Q™Max . SOC™"

» Higher flow rate towards end of discharging

regions @ low SoC , o
gions @ Electrochemical-aware limits

Flow-rate dependent power capability

Limits power Q. =K (%) Hybrid electrochemical + power electronic optimization
during charging Qca = 7 . ——— . . . .
and discharging Qa =K(3—5,¢) Piecewise-linear operational scheduling and electrochemical-constrained

dispatch model, where charge/discharge capability depends on SOC,
electrolyte flow rate, and mass transport dynamics.
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@ ——— Optimization
® ——— Graphic interface
© ——~ Historian

System
Operator

Controller-
Hardware-in-the-
Loop for Flow
Batteries

Customized Management system based
on the operational requirements

a) Customized alarms, protection
functions, optimization

b) Smooth integration

Development of: System-level

Converters +

a system of
systems
application

Controllers +
Management system
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coordination for

Central Controller

Interface System
ower Electronic

onverters

O T

Load Agent

Typhoon HIL 1

[ ———

E
VRFB stacks

Typhoon HIL 2

——" ||

Auxiliary System
lectrolyte

lectrochemical System

E
Transport and
Circulation

DC

Breaker

Grid Connected AC-DC Converter

interface |-

Converter
Agent [¥---_
~ ™ lIntelligence| — | Interface
_- Agent Agent
Bridge |4~~~ ) >

Agent |-~

Converter
Agent |- ~_
e

DC-DC Converter + Flow Battery Stack Agent o\C e

Intelligence
Agent

g —

Interface
Agent

Resource
| Agent-
Stack

Resource
Agent -

Flow Battery Pump System Agent

Pumps - Ny

Intelligence

Agent

-
-

Converter |~
Agent

Interface
Agent




FLOW BATTERY STACK
POWER ELECTRONICS CONVERTER Normal Active
| Normal Active ‘

ID: 2008 DSP Software Version: 3.07 Converter Model: 256

DSP State: Running

Agents and Central
Controller for Flow Batteries

MQTT | 159.5

IP: 10.4.70.61

INPUT SIDE: Bus -
CONVERTERTYPE: DC

OUTPUT SIDE: Bus 2
CONVERTERTYPE: DC

Current (A)

Port: 502

82.4

MQTT | CONFIGURATION INFO:
4+—> CONTROL STATUS CONTROL STATUS CAPACITY (kWh) Power (kW)
MODE MODE MODE: MODE: 20.0 -13.1

DC,P DC,P None None
S0C (%)
None None None None 60.0
CONTACTOR CONTACTOR CONTACTOR: CONTACTOR:
Close Closed Close | Closed
PRECHARGE

VOLTAGE (V)
Max :192.0
Min :149.0

Power Electronic
Converter Controller

Resource Integration

Central
Controller

Controller

PowerLoss

PRECHARGE: CURRENT (A) Jo5a

Max :120.0 TANK TEMP. (€)
Min :120.0 Stack Temp : 33.7
SYSTEM CONTROL REQUEST

QO OPERATOR DASHBOARD

SYSTEM STATE
# Normal

SETPOINTS: MEASUREMENTS: SETPOINTS: MEASUREMENTS:
Voltage (V): Voltage (V): Voltage (V): Voltage (V): s50C
ACTIVATION - 10.0 160.8 - /630.0 900.3 i
[ ) Running True Current (A): Current (A): Current (A): Current (A): O. Max/Min :85.0/25.0
.- 712 - - 127 A. Max/Min :100.0/10.0
Power (kW/kVar): Power (kW/kVar): Power (kW/kVar): Power (kW/kVar):
11.59//11.5 114 -1 - -11.4

AGENT STATE DSP STATE
ool Current Time:
2026-05-24 07:48:06.945232
TEMP LIMITS (C)

Primary: ['DC', 1 Secondary: z MER EELY
VOLTAGE 2 CURRENT
159.2 . 14.4
POWER

13.1

Secondary:

Stack Converter Agent

Universal Controller - v1.0

Mode Optimization Settings View Utility Data
— CONTROLS —

Full System: Real-Time Price

Standby

Island [ Grid-Tie [ Storm
Flow Battery Controller

DEVICE BUSES DEVICE STATES ACTIVATION DEVICE IP Clear Dispatch Dispatch Amount
Bus 0 294.0 DC In: 0 | out Normal Active 192.168.71.80 False || True Flow: 0.1

Communications
Global Broker: 192.168.60.51
Higher Broker

» STARTUP Operational Information
Project: Power Electronics for Flow Battery
UseCase: Economic Power Flow Dispatch
Sponsor: DOE - Energy Storage Office
Electrical System: Flow Battery

Operator: Ben and Renatta

= SHUTDOWN | | CLEAR FAULT | CLEAR

PRIMARY PRIMARY
Dc, DC

Accept? DEVICE # DEVICE ID
SECONDARY
"
d590aa7816 FBS

552a00b282 Bridge

s R (e NODE SUB-SYSTEMS (0)

DEVICE TYPE
d5c8f1850 FBP

DEVICE CONN
SECONDARY

Bus 2 900.0 DC In: | Out: 2 Normal Active 192.168.70.81 False || True

Bus 1 3-Phase Wye 480.0 AC In: 2 | out: 1 Normal Active 192.168.70.80 False || True

DROOP CURVE DROOP CURVE

[Accept? Node # Node ID Node TYPE Node CONN Node Buses Node STATES Node IP WARN COMMS Clear Dispatch
SENSORS-SYSTEMS (2)
Sensor CONN Sensor IP CcoMM: Status Voltage Forecast Amount Dispatch Amount

S it Control Power
192.168.70.83 ‘

H -10.0/-10.0 ‘

Accept?  Sensor # Cluster #  Sensor ID Sensor TYPE

cf2d3ff488 LoadController

Accept? System # Type IDs Devices

JoLTAGE INPUT VOLTAGE P
e SETPOINT

QUTPUT VOLTAGE
SETPOINT

In: | out: 1

INPUT CURRENT
SETPOINT

QUTPUT CURRENT
SETPOINT

CURRENT CURRENT
Microgrid Additional Loads

a "
REAL POWER INPUT REAL POWER 18

SETPOINT

OUTPUT REAL
POWER SETPOINT

REAL POWER SYSTEM BASE TYPE:

| Bus 0 294.0 DC ‘ d5c8f1f850 FBP

Central Controller

| Bus 2 900.0 DC ‘

Bus 1 3-Phase Wye 480.0 AC

d590aa7816 FBS

552a00b282 Bridge




Central Controller Optimization: STARTUP

Enabling coordinated, constraint-aware, and reliable system energization

Flow Battery Architecture State - Startup Flow Battery Architecture Voltage - Startup

Normal Closed =~ DC Bus Voltage
=== Pump Drive DC Voltage
8004 = AC Bus Voltage
Battery Terminal Voltage
Startup
600
=
&
Standby Ei
'S 400
2

Commissioning

200 I

|

Q Q Q Q
%) o® 2 o°

Time (MM:SS)

=== AC-DC Converter State
Pump Drive State

== DC-DC Converter State
Fault = Breaker Position tOpen

.0 a0 Q0 a9 o0 KN\ N Q-
QQ.Q QQ:?’ Qx.Q 0\2’ Qq).g 0’?»2’ 039 Y
Time (MM:SS)

Optimization methodology is proposed to determine the Integrates converter-level information through communicating
sequential activation of devices based on: Converter Controllers, Agents, and Central Controller.

Presence of faults System Topology

Power Electronic Resource Integration
Converter Controller Controller

Interdependencies : . :
among subsystems State machine State machine State machine

Central Controller

Available Converter

Control Modes
%OAK |
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Central Controller Optimization: ENERGY ABRITAGE, 24h run

* 5-min optimization respects: Power, SoC, Flow Rate
« Converter / Battery power limits 20 Stack power :
« SoC range n 80 1.75
- Flow-rate limits 15 M SoC '
—— Flow Rate 1.50
10 70 R
721
Encouraging charging the battery at § 5 o L.25 é
lower price regions and discharging =4 le 60 X >
the battery during high prices periods. 5 0 : ll O 1.00 S
=n O
- maximizing revenue. g . 50 0.75 2
A O S
[
~10 /| 40 0.50
The optimizer pushes higher flow _15 M ‘ 0.25
rates at the end of charging and 30
discharge periods - consistent _20 rod 0.10
Q01 Q0 Q0 Q0 a0 Q0 o0 Q0 .Q0
QQ.Q : Q’b-(’ 06.0 Qq.g ,&q).o XCJ.Q ’\Q"Q "L‘\"Q .«LD;.Q i
The optimizer cause response in the I I
flow rate to keep up with power level o o
and SoC variation 2:40 pm 2:40 pm
next day
% 0AK RIDGE Maximizing revenue while operating within safe flow-rate and SoC
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Hardware Construction: Work in progress

Rack mountable chassis (2U)

20 kW rated power

Modular building blocks

Integrated Control Boards

Complete ORNL design and fabrication
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Conclusions and Impact

Publications: Four technical papers

Conference papers 1

published

Conference paper
submitted

Motor, |
| o |

Flow Battery Modeling
and Simulation Platform

Non-RT and RT FB stack
models with pumping
system integrated

:“c acoc | | | e %

Converter T Converter

DC Link

Power Electronic
Converter Architecture

Double stage architecture
for bidirectional operation

Embedded Controller
Hardware and Firmware

Hardware integrated and
multi-mode control
implemented for flexible
operation

Controller Hardware in
the Loop Validated
Framework

Real-time testing
environment, integrated
control

Agent-based Framework
for Flow Batteries

Modular agent framework
for key components with
communication

CODAS

=

, s L
L 2 )

Central Controller with

Dashboard for Optimized
Operation

Operation and optimization
for system start-up and

electricity price signals

CHIL
Testbed

Rack with

complete

| testing
infrastructure

Hardware system for
the Power Conversion
Solution @scale

20-kW system developed
with built-in control
boards

One journal being
1 drafted

Future Direction

Coupling CHIL infrastructure with Flow Battery Detailed
Modeling with Aging and Failure Framework

Incorporate detailed hydrogen

Analise the impact of PE controls

evolution modeling on FB performance, safety

Flow Batteries for Data Centers

Scale the existing model and structure
Model data centers in Real time

Explore the role of long duration ES in data centers
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