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Context and relevance

Wide integration of renewable energy power plants; T
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Inertia challenge;

High increase of electric mobility;

Second-life batteries market.

BESS are fundamental for energy transition. A




Battery energy storage system
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Jonathan Hunder Dutra Gherard Pinto, “Modeling, Design and Performance Evaluation of Battery Energy Storage Systems based on Modular Multilevel Converter ” Ph.D. Thesis, UFMG. 2022.



Example of commercial BESS
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Battery management system

“
O '

ON/OFF

Emergency

T T
T
T

ADMNTECH & &

WEG.

10



Cell balancing technology overview

Cell balancing ‘
|.
v +
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[ Passive } [ Active
—» Fixed shunt resistor h 4
—3 Switching shunting resistor Capacitor base
— Shunt transistor

Switched capacitor
Single switched capacitor
Double-Tiered switched capacitor

Converter base

Inductor /
Transformer base

Single / multi inductor <—
Single winding transformer €—

—» Clk converter

—» Buck/boost converter

— Flyback converter

—» Ramp converter

—» Full-bridge converter

—» Quasi-resonant converter

Multi/Multiple windings transformer €—

—p Back-to-back converter
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Corréa, T. P., Maia, T. A. C., & Cardoso Filho, B. J. (2023). High-Petformance Power Electronic Battery Pack Based on a Back-to-Back Converter. Energies, 16(1), 375. doi: 10.3390/en16010375.
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Drawbacks — conventional BESS architecture

Low fault tolerance; A ;;

Charging using direct current;

Data link

Losses A

v' Balancing process;
v’ Sub-optimum inverter design.

Conventional BMS

705

Safety issues.
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Alternative approach

Power electronics integrated into the battery;

Same number of terminals of standard approach;

Compatible with commercial PCS technology;

Shares PCS and BMS functions;

Inspired on the modular multilevel converter structure. v,
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Alternative approach

= Smart battery or modular BMS or cascaded dc/dc or BIC or ...
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Control strategies and architectures;

Converter design;

Is this approach new?

Challenges

Vv
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Part 2: Smart Battery Fundamentals
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Important assumptions

= BIC behaves as a voltage source;
v Output voltage can be controlled.
v' Usually, two-quadrant topologies are employed.
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Important assumptions

mrr
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= BIC behaves as a voltage source;
v Output voltage can be controlled.
v' Usually, two-quadrant topologies are employed.

= Batteries are not equal, i.e.:
v" Different initial states of charge (expected in practice);
v"  Different chemistries and voltages (much more challenging); Pa i
v" Different impedances and capacities (expected even for new batteries);
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Important assumptions

= BIC behaves as a voltage source;
v Output voltage can be controlled.
v' Usually, two-quadrant topologies are employed.

= Batteries are not equal, i.e.:
v" Different initial states of charge (expected in practice);
v"  Different chemistries and voltages (much more challenging);
v" Different impedances and capacities (expected even for new batteries);

= Control objectives +
v Output volage regulation; v,
v Constant dc-link voltage;
v’ Active state balancing.
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Physics of operation
Output voltage reference:
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General scheme — SoX balancing
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physical
connection

Possible architectures
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Proportional balancing controller
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= Balancing voltage contribution:
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[1] J. A. Qahouq and I. Batarseh, “Distributed battery power electronics architecture and control,” U.S. Patent 9 368 991 B2, Jun. 14, 2016.
[2] Y. Li and Y. Han, “A module-integrated distributed battery energy storage and management system,” IEEE Trans. Power Electron., vol. 31, no. 12, pp. 8260—8270, Dec. 2016.. 29



Aﬂ’Jf
Converter output voltage saturation
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[2] J. S. d. Oliveira et. al., "Variable-Gain State-of-Chatge Balancing Method for Smart Battery Packs," in IEEE Access, vol. 13, pp. 145528-145539, 2025, doi: 10.1109/ACCESS.2025.3597229



Important analytical results

= Steady-state analysis of SoC balancing

vy, vy, Chi Vi [ Chi AR
IUr},a' = — -+ AVE_ <= T‘}Gi o~ . ’ and ASOCg, ~ — 1 t

N C, KN\ C,

=  Transient analysis of SoC balancing
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*  Condition for constant dc-link voltage during balancing (if K is constant):
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[1] A. L. C. Amorim et. al., "Steady-state analysis of dc/dc converters applied to smart battery systems," in Proc. Congresso Brasileiro de Automatica (CBA), 2024, Art. no. 4702, doi:10.20906/CBA2024/4702.
[2] J. S. d. Oliveira et. al., "Variable-Gain State-of-Chatge Balancing Method for Smart Battery Packs," in IEEE Access, vol. 13, pp. 145528-145539, 2025, doi: 10.1109/ACCESS.2025.3597229.



Part 3: Topological overview
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Overview — different topologies

(¢)

(d)

[1] : B. S. Peixoto, A. Amorim, R. C. de Barros, M. M. Stopa, P. S. Almeida, and A. F. Cupertino,
Open Journal of Power Electronics, under review, 2026..

On the Balancing Capability of Converter-Integrated Battery Packs: A Topological Benchmark Study,” IEEE



Overview — different topologies (cont.)
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[1] B. S. Peixoto, A. Amorim, R. C. de Barros, M. M. Stopa, P. S. Almeida, and A. F. Cupertino, “On the Balancing Capability of Converter-Integrated Battery Packs: A Topological Benchmark Study,” IEEE
Open Journal of Power Electronics, under review, 2026.. 4
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Examples of developments — step-up
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[11Y. Liand Y. Han, "A Module-Integrated Distributed Battery Energy Storage and Management System," in IEEE Transactions on Power Electronics, vol. 31, no. 12, pp. 8260-8270, Dec. 2016, doi:
10.1109/TPEL.2016.2517150.. 35




Examples of developments — step-up/step-down
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[1] Cortéa, T. P., Maia, T. A. C., & Cardoso Filho, B. J. (2023). High-Performance Power Electronic Battery Pack Based on a Back-to-Back Converter. Energies, 16(1), 375. doi: 10.3390/en16010375




Examples of developments — step-down
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[1] E. F. Rosa, E. M. Da Silveira Brito, H. A. Pereira, R. Teodorescu and A. F. Cupertino, "Pulsed-Current Operation of Smart Batteries Through Warm Redundancy," 2023 IEEE 8th Southern Power
Electronics Confetence and 17th Brazilian Power Electronics Conference (SPEC/COBEP), Flotianopolis, Brazil, 2023, pp. 1-6, doi: 10.1109/SPEC56436.2023.10407654.
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Part 4: Control schemes
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EE [1] E. F. Rosa, E. M. S. Brito, M. M. Stopa, H. A. Pereira, R. Teodorescu and A. F. Cupertino, "A Multifunctional Control Algorithm for Smart Battery Packs," in IEEE Journal of Emerging and Selected Topics
in Power Electronics, vol. 14, no. 1, pp. 1071-1084, Feb. 2026, doi: 10.1109/JESTPE.2025.3639787.



Example: Boost converter
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[1] B. De Araujo Coutinho, P. I. De Oliveira Tironi, H. A. Peteira, R. Teodotescu and A. F. Cupettino, "Implementation of a Smart Battery Based on the Dc/Dc Boost Convertet," 2023 IEEE 8th Southern 40

Power Electronics Conference and 17th Brazilian Power Electronics Conference (SPEC/COBEP), Flotianopolis, Brazil, 2023, pp. 1-8, doi: 10.1109/SPEC56436.2023.10408024.



Experimental results

Tek Jlo [B] Ready M Pos: 36.00ms
SESIUTES SOUNL FOPUN NP INPPL PR IPPP OIS TT -
(5 _______ . .
T e—— _ . " SN Tek Jl. @ 4cq Complete M Pos: 30.00ms

Load disturbance

\ ..)c'k\-lll\..‘_ > -I._S "',. 1 g 1"1-

CH1 500V CH2 1004 M 25.0ms S —
]l, 12A 4
. /BOOSTXL-SPhGaNInv %
] - __—+LAUNCHXL-F280049C b [y Cl |._I 1” [ I M '"].Eﬁ.n; |: H,_I '.I‘ i h:':JL,

Indutor

Bateria de
Chumbo-Acido

Jﬁ’]f.

Tek = § @ Acq Complete M Pos: 30.00ms
+

Load disturbance

-_/ 19y

ST e
e YT

_—
e 325

CH2 1.004 M 10.0rms CHY 7 1684

[1] B. De Araujo Coutinho, P. I. De Oliveira Tironi, H. A. Peteira, R. Teodotescu and A. F. Cupettino, "Implementation of a Smart Battery Based on the Dc/Dc Boost Convertet," 2023 IEEE 8th Southern
Power Electronics Conference and 17th Brazilian Power Electronics Conference (SPEC/COBEP), Flotianopolis, Brazil, 2023, pp. 1-8, doi: 10.1109/SPEC56436.2023.10408024. 41



Example: Non-inverting buck-boost converter
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[1] B. S. Peixoto, A. Amorim, R. C. de Barros, M. M. Stopa, P. S. Almeida, and A. F. Cupertino,
Open Journal of Power Electronics, under review, 2025.

On the Balancing Capability of Converter-Integrated Battery Packs: A Topological Benchmark Study,” IEEE
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Experimental results

b D Source | 1. Buck mode; 2. Load step; 3. Boost mode.
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EE [1] B. De Araujo Coutinho, P. I. De Oliveira Tironi, H. A. Peteira, R. Teodotescu and A. F. Cupettino, "Implementation of a Smart Battery Based on the Dc/Dc Boost Convertet," 2023 IEEE 8th Southern
Power Electronics Conference and 17th Brazilian Power Electronics Conference (SPEC/COBEP), Flotianopolis, Brazil, 2023, pp. 1-8, doi: 10.1109/SPEC56436.2023.10408024. 43
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Conventional balancing controller
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SOC balancing algorithm A va

= Main characteristics (previously analyzed):
Constant gain;
Exponential reduction of SoC error;
Expected steady-state error; AV, -
Guarantees constant dc-link voltage if K <
IASOC,42.0|

DN NEANIRN

[1] J. A. Qahouq and I. Batarseh, “Distributed battery power electronics architecture and control,” U.S. Patent 9 368 991 B2, Jun. 14, 2016.
[2] Y. Li and Y. Han, “A module-integrated distributed battery energy storage and management system,” IEEE Trans. Power Electron., vol. 31, no. 12, pp. 8260-8270, Dec. 2016 44
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Variable gain balancing controller
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= Main characteristics:

Variable gain; K = f(SOC;) =
Linear reduction of SoC error;

Lower Steady-state error;

Guarantees constant dc-link voltage.

DN NEANIRN

Ea J. S. d. Oliveira, B. d. A. Coutinho, P. I. d. O. Tironi, A. F. Cupertino, E. M. d. S. Brito and H. A. Pereira, "Variable-Gain State-of-Charge Balancing Method for Smart Battery Packs," in IEEE Access, vol. 13,
pp. 145528-145539, 2025, doi: 10.1109/ACCESS.2025.3597229. 45



C-HIL validation setup
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A. L. C. Amorim, B. S. Peixoto, A. F. Cupertino, M. M. Stopa, H. A. Pereira, and R. Teodorescu, "Offset compensation network: Improving the control of battery energy storage systems,
Appl., vol. 53, no. 8, pp. 4682-4693, Aug. 2025, doi:10.1002/ cta.4333.

" Int. J. Circuit Theory
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SoC balancing control results

1*' scenario
3 batteries (12 'V, 20 Ah) + boost converters. = — = = 2™ ccenario | |
= b = = = 3™ ccenario
S 10
Q
o
vl o5k
Fixed gain — no full balancing after ~83 min. R
0 1 1 1 -""‘:-'-li--ﬁ‘——-- =p -
0 0.2 04 0.6 0.8 1 1.2

Time [h]

High fixed gain — balanced in ~46 min, but with dc-link voltage variations.

Variable gain — balanced in ~54 min, dc-link stable.

E J. S. d. Oliveira, B. d. A. Coutinho, P. I. d. O. Tironi, A. F. Cupertino, E. M. d. S. Brito and H. A. Pereira, "Variable-Gain State-of-Charge Balancing Method for Smart Battery Packs," in IEEE Access, vol. 13,
pp. 145528-145539, 2025, doi: 10.1109/ACCESS.2025.3597229. 47



SoC balancing control results
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Pulsed current charging for lifetime extension
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~ig. 1. Six fundamental pulsed current modes. (a) Positive pulsed
current (PPC) mode, (b) pulsed current-constant current (PCCC) mode, Fig. 2. Effects of the pulsed current charging on lithium-ion battery

(c) negative pulsed current (NPC) mode, (d) alternating pulsed current  jifetime considering different frequencies [21]. (a) [8]. (b) [13]. (c) [9].
(APC) mode, (e) sinusoidal-ripple current (SRC) mode, and (f) alternat- (d) [14]. (e) [10]. (f) [11]. (q) [23]. (h) [12]. (i) [24].
ing sinusoidal-ripple current (ASRC) mode [15].
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Pulsed current charging for lifetime extension
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Half-bridge converter

Power converter
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Pulsed current operation experimental results
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Fault tolerance and safety mode
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Real time impedance estimation
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