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Abstract

Battery cell balancing plays a vital role in maximizing the performance of the
battery system by enhancing battery system capacity and prolonging the
battery system life expectancy. Active cell balancing using power converters is
a promising approach to maintaining uniform state of charges (SoCs) and
temperatures across battery cells. The SoC balancing function in the battery
management system (BMS) increases the battery pack capacity, and the
temperature balancing function mitigates variations in the aging of battery
cells due to unbalanced temperatures. In this work, a finite-state machine-
based control design is proposed for lithium iron phosphate (LFP) battery cells
in series to balance SoCs and temperatures using flyback converters.
The primary objective of this design is to ensure balanced SoCs by the
end of the charging session while mitigating the temperature imbalance
during the charging process. To achieve the SoC and temperature balancing
functions using the same balancing circuits, a finite-state machine control
design decides on the operating mode, and a balancing strategy balances
either temperature or SoC depending on the operating mode. The proposed
control design has the advantages of low computational burden, simple
implementation compared to the optimization-based controller found in
the literature, and the proposed balancing strategy offers faster balancing
speed compared to conventional methods. The effectiveness of the
proposed strategy is validated on battery cell RC models in series with

unbalanced SoCs and temperatures.

KEYWORDS
battery model, finite-state machine, flyback, state-of-charge balancing, temperature
balancing
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1 | INTRODUCTION

Lithium-ion batteries (LIBs) are widely utilized across
various applications due to their high energy density and
extended lifespan, ranging from small-scale portable
devices to large-scale battery packs powering electric
vehicles (EVs) and energy storage systems. The key
components of LIB cells include the cathode (positive
electrode, e.g., lithium cobalt oxide [LiCoO,], lithium
manganese oxide [LiMn,Oy], or lithium iron phosphate
[LiFePO,]), anode (negative electrode, typically graph-
ite), separator (a thin layer that isolates the cathode from
the anode), electrolyte (a conductive solution with
lithium salt facilitating ion transport), and current
collectors (conductive materials like aluminum and
copper for current transfer). The cathode material plays
a pivotal role in determining the performance of LIB
cells, impacting crucial aspects such as voltage, energy
density, charge/discharge rates, safety, cost, and longev-
ity. LIB battery cells with LiFePO, as a cathode (lithium
iron phosphate [LFP] battery cells) has gained more
attention due to their improved safety and lower cost
compared to the other oxide cathodes. They are also
known for their high rate performance which is a critical
characteristic for fast charging of batteries." Considering
the above characteristics, LFP battery cells are commonly
used in the battery packs of EVs. The EV battery pack
includes hundreds of battery cells in series and parallel
and accounts for a significant part of the EV production
price. Research in Altaf et al.”> shows the imbalance in the
temperatures, and state of charges (SoCs) of the LIB
battery cells can compromise safety and significantly
affect the lifespan of an EV battery pack. The imbalance
in SoCs mitigates the available battery pack capacity and
the imbalance in temperatures of cells results in
nonuniform cell aging. These issues contribute to the
battery pack’s capacity fading.® Although battery packs
are equipped by the battery thermal management system
that can maintain a suitable temperature during short-
term charging operation to a certain extent, they cannot
compensate for the temperature imbalance among
battery cells due to the poor temperature measurement
accuracy and uniform distribution of thermal manage-
ment system.*

Battery pack in an EV accounts for a significant part
of the EV production price. The imbalances in the
temperatures and SoCs of battery cells can compromise
safety and significantly affect the lifespan of an EV
battery pack.” The imbalance in SoCs mitigates the
available battery pack capacity, whereas the imbalance in
temperatures of cells results in nonuniform cell aging.
These issues contribute to the battery pack’s capacity
fading.> Two causes of the SoC and temperature

imbalances in battery cells are parameter variations
among cells and cell locations in the battery pack.
Despite significant efforts to ensure parameters of cells
manufactured in the same batch are similar, studies
show cell parameters (e.g., internal resistance and open-
circuit voltage) can vary by more than 1%.” Variations in
cell parameters exacerbate differences among cells and
cause inhomogeneous voltage, SoC, and temperature
over time.®® The battery cell heat transfer capability is
affected by its location in the battery pack which
exacerbates the temperature imbalance among cells.’
Studies such as those in Leng et al.,'® and Kremer et al.**
focus on the impacts of temperature on battery cell aging
over numerous cycles. The findings in Leng et al.,'"® and
Kremer et al.'' reveal that temperature disparities
contribute to uneven aging among cells, thereby perpet-
uating temperature imbalances.’

The battery pack is under the control of a battery
management system (BMS) which monitors and supports
the cell balancing functionality. To address the SoC
imbalance issue, there are two balancing approaches
implemented in the BMS: (1) passive balancing and (2)
active balancing according to Naguib et al.” The passive
balancing approach includes fixed resistors or switched
resistors. It has the advantages of easy implementation
and low cost. However, it suffers from low balancing
speed and can prove inefficient by causing energy loss
which contributes to the increase in the temperature of
the battery pack. Passive balancing is proven to be a
better balancing approach in applications with several
hundred to thousand smaller capacity battery cells. Yet,
when the number of series cells is smaller and the cell
capacity is larger, the active balancing approach is a
better alternative to passive balancing despite its more
complexity and cost due to its faster balancing speed,
better efficiency, and more control ability.*® Addition-
ally, active balancing can improve the battery pack's
longevity when used for balancing the temperatures of
cells. Outcomes presented in Kremer et al.'' showcase
that a temperature imbalance of 12.4 K can substantially
influence battery longevity, and through active balancing
strategies, the battery life cycle can be extended by up
to 19.8%.

Naguib et al.,” Yildirim et al.,> and Omariba et a
classify active balancing into four categories based on the
component used in the balancing circuits: (1) capacitor-
based balancing,'® (2) inductor-based balancing,’® (3)
transformer-based balancing,'* and (4) power converter-
based balancing. The capacitor-based method in
Evzelman et al."* and inductor-based balancing method
in Evzelman et al.'® are relatively efficient and cost-
effective. Yet, the capacitor-based method suffers from a
long balancing time, and the inductor-based method in

1.12
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Evzelman et al." is impacted by the high switch current
stress. The transformer-based balancing in Imtiaz et al.'®
can be categorized in the power converter-based balancing
method as well since they use topologies similar to flyback
converters. These methods can provide more flexibility in
balancing several states among cells due to their fast
balancing capability and more control ability. In power
converter-based methods, the most common power con-
verters used for balancing are buck-boost, Cuk, full-bridge,
flyback, and quasi-resonant converters. Due to the variety
in the balancing methods including power converter-based
balancing methods, Ghaeminezhad et al.’ studies the
balancing strategies at the systematic level. Based on this
study, power converter-based balancing are categorized into
adjacent-based, nonadjacent-based, and direct cell-cell
methods. Adjacent-based and direct cell-cell methods have
a long balancing time if the unbalanced cells are not close
to each other."> Nonadjacent methods can be cell-to-pack
(C2P), pack-to-cell (P2C), and cell-to-pack-to-cell and
provide relatively faster balancing time. However, P2C
cannot provide temperature balancing without increasing
the temperature of the cells, and cell-to-pack-to-cell
requires more complex power converter designs. Therefore,
C2P in nonadjacent methods is considered in this study.
Among different power electronic converters used
for balancing strategies, the full-bridge converter con-
nects to each cell directly which is not efficient for a
battery pack with a large number of cells; the Cuk
converter has a relatively complex control design; the
buck-boost converter has a limited voltage conversion
level which is not proper for nonadjacent methods. The
flyback converter, on the other hand, is an alternative
version of the buck-boost converter with a high-
frequency transformer for higher voltage conversion
levels. It has the advantages of relatively high efficiency,
less control complexity, fast balancing speed, and high
voltage conversion level for the nonadjacent strategies.’
Different topology designs of flyback converters are
investigated for cell balancing in several studies.>™"°
Applications of a single flyback converter with multi-
winding on the primary side and single winding on the
secondary side are studied in Imtiaz et al.,'® and
Einhorn et al.'® These studies show the advantages of
using flyback converters for cell balancing including
requiring fewer components. However, single flyback
converter designs with multiwinding on the primary
side in have a longer balancing time since they can
balance only one cell at a time. Therefore, among
different flyback converter designs, unidirectional fly-
back converters with a single winding for both primary
and secondary sides are selected in C2P mode due to
faster balancing time and capability of temperature
balancing during the battery pack charging process.

BA}%% vy -WiLEy—2*"

The concept of temperature balancing is discussed in
Refs. 2, 11, 18, 20-22 Wu et al.'”® and Li and Han®
discuss the temperature balancing among cells in series
without considering the SoC balancing. Altaf and
Egardt,?® Altaf et al.*! introduce the concept of tempera-
ture and SoC balancing, simultaneously using full-bridge
converters connected to each cell. In the method in Altaf
et al.,** each cell is isolated from the rest of the battery
module by the power converter which controls the
voltage and current of the cell. The method is costly and
very inefficient due to requiring switches with high
power tolerance and requiring the operation of power
converters at all times. This study attempts to address the
balancing issue among temperature and SoC of battery
cells by proposing a new balancing control design using
the bidirectional flyback converter topology in C2P
mode. Our contribution to this work can be summarized
as follows:

+ a finite-state machine design for cell balancing is
proposed to enable the simultaneous balancing of SoC
and temperature;

« balancing algorithms are proposed for SoC and
temperature with simple implementation and robust
performance avoiding the complex optimization-based
solutions in the literature;

« a battery cell electrothermal model including a first-
order electric circuit model (ECM) is developed to
estimate SoC and temperature, respectively;

« a unidirectional flyback power converter in dis-
continuous current mode (DCM) is designed as a cell
balancing circuit for each cell in the C2P mode, and its
average model is developed to reduce the simulation
time of cell balancing scenarios.

This paper is organized as follows: Sections 2 and 3
discuss the battery cell model and the cell balancing
flyback converter design, respectively. Section 4 provides
the balancing circuit control design including the
proposed finite-state machine-based balancing control
design to address unbalanced temperatures and SoCs and
the proposed balancing strategy. Finally, Section 5
presents the case studies and results.

2 | BATTERY CELL MODEL
DESIGN

To initiate cell balancing, the preliminary step involves
battery cell modeling, which is the focus of this section.
The battery cell model is designed to anticipate and
replicate the battery cell's behavior during both charge
and discharge processes. Its primary function is to
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estimate the SoC and temperature of battery cells.
Various types of battery modeling are documented in
the literature.>**® These models can be broadly catego-
rized into four types based on the physical insight: (1)
electrochemical models, (2) mathematical models, (3)
data-driven models, and (4) circuit-oriented models.
Electrochemical models provide an intricate depiction
of battery chemistry through nonlinear differential
equations. Despite their high accuracy, these models
have substantial computational cost. They are useful
when complete observability of battery states and an
understanding of microscopic scale behavior are essen-
tial. Mathematical models, on the other hand, represent
the battery behavior at the system level through math-
based stochastic models. Although these models offer
lower accuracy, they are suitable for system-level studies.
Data-driven models adopt a black box approach, utilizing
machine learning algorithms to predict actual battery cell
behaviors. While they provide highly accurate SoC
predictions, these models need a significant amount of
data and may provide out-of-range responses due to the
inherent nature of black box modeling. Circuit-oriented
modeling provides a balance between accuracy and
computational efficiency for online applications, accu-
rately representing battery cell features with limited data
sets. An example of circuit-oriented modeling is the
electrothermal model, which integrates thermal and
electrical aspects to consider the mutual influence of
SoC and temperature, enhancing battery model accu-
racy.>?° Consequently, the electrothermal battery cell
model is chosen for estimating SoC and temperature
variations due to its favorable combination of low
computational complexity and high accuracy. The

electrothermal battery cell model combines a battery
cell's ECM and thermal model as shown in Figure 1.

2.1 | Electrical circuit model design

A Thevenin-based ECM is used for this study for the battery
cell model. In this model, the transient responses of battery
cells are captured by a series interconnection of parallel
resistor-capacitor (RC) pairs. RCs mimic the transient and
steady-state behaviors of the battery cell. Comparing the
accuracy of different numbers of RCs in the model, an ECM
with one pair of RC is developed according to Miniguano
et al.>” The developed ECM is shown in Figure 1. Vo is the
open-circuit voltage. R, is the internal resistance of the
battery cells, and R, and C; are the parasitic resistor and
capacitor, respectively. Using KVL, the terminal voltage of
the battery can be written as follows:

Vi=Voc — Rl — W, €))

V= Rl(l - em)l )

where V/ is the terminal voltage, is the input current, and
V] is the voltage across the parasitic resistance (R;) and
capacitance (Cy).

RC values can be estimated in different SoCs and
temperatures using the hybrid pulse power characteriza-
tion (HPPC) test. This test determines the transient
behaviors of a battery cell.?® In this study, the HPPC test
is executed for A123 Systems ANR26650M1-B LFP LIB
cell, in which the cathode is LiFePO,, at the temperature
of 25°C and 35°C. The operating temperature range of this

| I K + I

—.| Voc =7 R, Vi

I
— Coulomb Counting I
| SoC Estimator I

I

FIGURE 1 Electrothermal model of a battery cell.

| Heat Generation I——>|

r——L———

I
Temperature |
Estimator |

d
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battery cell is between —30°C and 55°C; however, the
chosen temperatures of 25°C and 35°C reflect conditions
in real-world scenarios while ensuring the avoidance of
extremes that could impact battery health.”® As such, the
upper temperature can increase safety concerns of
possible thermal runaway and accelerate aging due to
the growth of solid-electrolyte interface (SEI) lay-
ers.”*® The HPPC test results of the battery cell's
terminal voltage, current, and SoC at the temperature
of 35°C are shown in Figure 2. In the HPPC test, the
fully charged cell discharges after a pulse discharge
current and a pulse charge current for 15 minutes and
rests for an hour. These steps are repeated until the
battery cell is discharged. The HPPC test results
identify the battery cell's open-circuit voltage (Voc),
internal resistance (Ry), and the RC values employing
the Optimization and Fitting Toolboxes in MATLAB
environment for the full ranges of SoC and tempera-
ture. Figure 3 shows the battery cell parameters for the
temperature of 25°C and 35°C. The terminal voltages
are closely matched at both temperatures, yet, R,
increases when temperature increases. The rest of the
RC values track the transient behavior of the cells
based on the HPPC test.

2.2 | SoC estimation

Different SoC estimation methods are suggested in the
literature’ to improve accuracy. In this particular study,
the emphasis is on cell balancing control rather than
SoC estimation accuracy. Consequently, SoC values
are considered inputs from the BMS and modeled
employing the Coulomb counting method due to its

S

J["ENERGY __~WI LEY—L 51

low implementation complexity and acceptable accuracy.
The SoC of the cell is determined as follows:

t I
S = Sinito + [ _, 3040 3)

where Siyi ;0 and S; are the initial SoC at ¢y, and the SoC of a
battery cell at time ¢, respectively,” and I and Eyop, are the
cell's input current and nominal capacity, respectively. In
the Coulomb counting method, the input current (I), cell
nominal capacity (Eyem), and the initial SoC of the cell
(Sini,ro) are determined as inputs to estimate the SoC. The
estimated SoC is used as feedback to adjust battery cell
parameters according to its estimated SoC level.

2.3 | Thermal model design

Depending on the application, battery thermal models can
capture heat transfers from low to high accuracy levels.
Refs. 32-35 present thermal models for different LIB
chemistries in the automotive industry. The electrother-
mal battery cell model and its parameters are developed
based on Refs. 32, 36, 37 Cylindrical LFP battery cells are
considered for this study. The LFP cell parameters can be
found in Table 1. According to Jaguemont et al.,** the
energy balance equation capturing dynamic changes in
each battery cell temperature is defined as follows:

dTeen

me dt = Qloss —

QCODV’ (4)

where m is the cell mass, C, is the specific heat of the cell,
Teen is the cell temperature, Qs is the internal heat

w

—

-+
-

N

ety

6 8 10

— L
—L—
—

I

T

6 8 1

100

n
(=

State of Charge (%) Current (A) Terminal Voltage (V)

=]
=)
[
N

6 8 10

Time (hours)

FIGURE 2 Hybrid pulse power characterization test results for the ANR26650M1-B lithium iron phosphate battery cell at 35°.
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FIGURE 3
TABLE 1 Parameters of the lithium iron phosphate cylindrical

battery cell.

Cell weight m 73g

Cell radius r 13 mm

Cell height h 65 mm
LFP-specific heat Gy 1390 J/(Kg.K)
Heat transfer coefficient H 10W/m?. K
Cell nominal energy Enom 2.5 Ah

Cell nominal terminal voltage Vi 33V

generation of the cell, and Q.y,y is the convective heat
transfer with the surrounding air. The conductive and
radiation heat transfers are assumed negligible and are
avoided for simplicity. The battery cell parameters are
modeled as lumped parameters. The internal heat
generation Qo is calculated using the electrical model
of the battery cell from Section (2.1) as follows:

Qioss = RoI? + RiIT = I (Voc — V), (5)

where [ is the input current into the battery cell, Voc is
the open-circuit voltage, V; is the terminal voltage of
the battery cell, R, is the internal resistance of the cell,
and R, and I are the parasitic resistance and its
current, respectively. The internal and parasitic resist-
ances are affected by both temperature and SoC of the
cell. Finally, the convective heat transfer (Q.ony) With
the surrounding air is calculated based on Jaguemont
et al.>* as follows:

Qconv = HA(T; — Teen), (6)

0.03 T
@ 0.02F 1
& 0.01 M
0 1
0 20 40 60 80
2500 - = B E— ;
2000 :
w1000} 1
500F _
0 20 40 60 80

SoC (%)

Open-circuit voltages and resistor-capacitor values for the full range of state of charges and temperature of 25°C and 35°C.

where A is the area (m?), H is the convective heat
transfer coefficient, and 7 is the ambient temperature.

Using Equations (4)-(6), cell temperatures can be
estimated. Cell parameters are then updated according to
the estimated temperature shown in Figure 1.

3 | CELL BALANCING CIRCUIT
DESIGN

The design of the cell balancing circuit is tied to the
selected cell balancing methods. The proposed C2P
method refers to the transfer of power from individual
cells to the battery pack, aiming to balance the states of
all battery cells. The utilization of the C2P method is
limited to the charging period of the battery pack. It can
be noted that the method's key advantage of achieving
balanced cell states without causing an increase in the
average temperature due to limiting the charging power
into the cells. Moreover, the simplicity of the circuit
design is enhanced by its unidirectional nature when
compared to bidirectional topologies. Among the various
circuit designs, the flyback converter stands out as one of
the most favored for implementing the C2P method. This
design has several advantages such as compact size, cost-
effectiveness, and high efficiency within the low to
medium power range.'® The flyback converter employs a
coupled inductor to facilitate higher voltage ratio
conversions and enables the provision of multiple out-
puts through multiple-output windings."> Both single-
output winding and multiple-output windings flyback
converters find application in BMS and cell balancing
designs, each offering its own set of advantages and
drawbacks.”>™"” The single-output winding flyback

858017 SUOWIWOD BRI 3(edl|dde auy Aq peusenob ake saiiie YO ‘@S Jo sajn. Joj Akl 8ul|UO A8|IAA UO (SUONIPUOO-PUB-SWBIALI0D" A3 1M AR pUl|UO//ScIY) SUOTPUOD Pue SULB | 8L 88S " [720Z/0T/TT] Uo Arlqi1auliuo A8|IM ‘Eenuo N 8d YaelAjod 1003 Ad SG00E202 Z91d/200T 0T/I0p/LI0d A8 | ImAelq Ul uo//Sdny wWouy pepeojumod ‘v ‘v20Z ‘96918922



ZABETIAN-HOSSEINI ET AL.

converter per cell has a quicker balancing period
compared to the multiple-output windings flyback con-
verter. This speed advantage in the former approach is
because all cells can engage in the balancing process
simultaneously.'® Figure 4 shows the flyback converter
balancing circuit applied to cells in series in this study.
The following section dives into the details of the design
for the single-winding flyback converter used in the
balancing circuit.

3.1 | Average modeling of flyback
converter

The average model of the flyback converter is essential
for this type of study due to the heavy computational

R —

FIGURE 4 Flyback converters balancing circuit.

burden the switching has on simulation time. The design
of the average model of the flyback converter for the
DCM mode is discussed based on Akbarabadi et al.*® In
average modeling, the MOSFET switch and the diode of
the flyback converter in Figure 5A are modeled as the
variable current source (I) and the variable voltage
source (V;), respectively, in Figure 5B. Since the designed
flyback converter is operating in DCM mode, the second
duty cycle (D;) is required as follows:

2Lf, Ig

1Vt

D, = min{ -D;,(1 - Dl)}a (7

where I, f,, L, and V; are the average input balancing
current, switching frequency, equivalent primary inductance,
and input voltage, respectively. D; is the duty cycle
calculated by the PI current controller shown in
Figure 6A so that the desired current I, is provided.
Calculating D,, the average output voltage V,,,; and average
input voltage (V}) are calculated from the primary side. The
average input and output voltages can be written as follows:

W=DV, ®)

V5 = ND; Vours )

Using W, V5 and inductance and resistance values (i.e., L
and R), I; can be computed using KVL from Figure 5.

3.2 |
design

Flyback converter parameter

Figure 5A shows the flyback converter switched-based
model used to design the converter parameters and the
PI controller. Flyback converters can operate in both
continuous conduction mode (CCM) and DCM. The
DCM releases all the stored energy in the flyback
transformer inductor in each cycle. This release resets
the magnetic flux to avoid electromagnetic saturation

N< NI T Vout

FIGURE 5 (A) Flyback converter switched-based model and (B) flyback converter average model.
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|
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2. Choose the state : |

|

|

|

| S —

| Lmax—] 3. Calculate I¥ using balancing strategy

| Pulse —

| For i=1,...,n

TL’maxS Tlim.[ & SllV< Sav.lim
or
SL,max<Slim,l & SaVE Sav,lim

FIGURE 6 Proposed thermal and state of charge-based balancing control design, (A) inner current loop controller of the flyback
converter i, (B) finite-state machine-based controller, and (C) balancing strategy controller inner current controller design.

and subsequently improves the efficiency and stability of
the power converter.'”** Therefore, the DCM is selected
for this study. The maximum primary inductance to
design a DCM flyback converter can be calculated from
the stored energy in the primary inductor and the voltage
over the primary inductor when the switch is on. The
equation can be written as follows:

< Dimax Vt,min i (10)
2y Tormas

where Djmax is the maximum duty cycle, u is the
efficiency, Vi min is the minimum input voltage (i.e., the
minimum battery cell terminal voltage), f,,, is the switching
frequency, and FE, is the output power. The worst case is
when the converter operates with the minimum terminal
voltage and the maximum duty cycle to ensure the DCM
operation of the flyback converter. Additionally, the turning
ratio n is required which is computed from

Vi
N=—. 11
Vout ( )

Finally, the capacitance value is designed to mitigate
the output voltage (Vo) ripple. The flyback converter
parameters are listed in Table 2.

TABLE 2 Flyback power converter parameters.

Input voltage V; 2.5-3.6V
Output voltage Vout 10-144V
Maximum current Ig max 5A
Switching frequency Jow 50 kHz
Inductance L 1uH
Turning ratio N 0.25

4 | CELL BALANCING CONTROL
DESIGN

In this section, the control design and balancing
strategies are discussed in detail.

4.1 | Inner current controller design

Each flyback converter is operating independently using
its inner current controller. The design of the current
controller for flyback converters is based on the average
model of the flyback converter derived from Erickson.*
The relation between transformer inductance current (Iy)
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and the voltage across the inductance (V) can be written
as the transfer function which is

IL(S) _ 1
Vi(s) Ls+R’

I,vi —

(12)

where L and R are the transformer equivalent inductance
and resistance, respectively. Three operating stages for
the DCM flyback converter are (1) the switch (SW) is
on (D;Tgw), (2) the switch is off (D,Tgw), and (3) both
switch and diode are off (1 — D; — D,). D; represents
the first duty cycle, D, is the second duty cycle, and Tgw is
the time period (Tsw = ﬁ). Using KVL for these two stages,

the relation between V; and voltages (V; and V) can be
written as follows:

Stage 1, Vi,(t) = Vi(¢)

Stage 2, V(1) = —

Stage 3, V(1) =0

Using KVL in Figure 5B, the average of V. (t) in one
switching cycle (Tgy) is

out ().

V(1) = Di(0) Vi (£) — (D2(8))NVou (1). (13)

Using the above equation, the duty cycle D, (¢) for the
converter can be derived as follows:

2NVou () + V(1)
Vi(t)

Dy(t) = D ; (14)

V1. (¢) is the output of the PI controller to regulate the I, to
1 z. The state space model of the power converter is
required to design the PI current controller for the cell
balancing flyback converter. The state space model of the
flyback converter in the DCM is developed based on its
average model and can be written as follows:

I (t) —ND,(t)
Vo |~ | ND®) -1 Vour () 0 o
dt c RC
(15)
I
L=1[D, ol " | (16)
Vout

where I is the current that goes into the inductance (L).
Using the state space Equations (15) and (16), the transfer
function between V; and I, is calculated as follows:

D? ( 1
A + RC
n2D} "’

s(s + é) + 2
17)

H(s)=C(GI—-—A)'B+ D=

9 of 16
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This transfer function represents the plant model.
Deploying the transfer function in Equation (17), the PI
controller is designed using PI tuning toolbox. Figure 6A
shows the schematic of the inner current controller of the
flyback converter for the cell balancing of cell i.

4.2 | Proposed balancing controller
and balancing strategy

The simultaneous temperature and SoC balancing can be
formulated as an optimization problem. To achieve that,
we begin by calculating the average values of battery cell

states. The average SoC is Sy, = %2?21 S;, and the
average temperature is T, = %2?21 T;, where n is the
number of series cells. Using the average states, the SoC
error vector for n series cells can be written as
S (L, Enom,1)r,1 S (L, Enom,1 )1
= — Savluxa-
S (Ina Enom,n)L,n S (In: Enom,n)n
(18)

And the temperature error vector for n series cells as

T (II)L, 1 T (11)1

= — Twlyxa- (19)
T (In)L,n T (In)n

The error vectors are required to define the optimiza-
tion problem. The objectives of the optimization problem
are temperature and SoC balancing. In this study, the
simultaneous balancing of temperature and SoC is
redefined based on the battery pack needs. Therefore,
the first objective is to ensure balanced SoCs by the end
of charge, and the second objective is the temperature
balancing to mitigate the nonuniform distribution of the
temperature among cells. Also, the balancing should be
achieved without increasing the average temperature of
cells compared to that when no balancing design
operates since increasing the temperature contributes to
additional cell aging. This feature is satisfied by employ-
ing the C2P balancing design during the charging period
which decreases the charging current of the unbalanced
battery cells. Taking the two objectives into account, the
optimization problem for temperature and SoC balancing
can be expressed as a minimization of a linear combina-
tion of the two objectives in a single cost function, as
outlined below.

tend
min @IS Enomuisodle + B [ N7 @rldes
I; 0
(20)
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for i=1,..,n, (21)
S.t. It - Ig,i < Il < It, i= ]., 2, ey 1, (22)
Smin €8 < Smax, 1=1,2,..,n, (23)

where fepq is the end of the charging time and « and 8 are
tradeoff weights, which show the relative importance of
each objective during the charging period. These two
weights are chosen in a way that « + § = 1 to achieve
the tradeoff between SoC and temperature balancing. To
solve this optimization problem, a finite-state machine-
based approach is proposed to avoid complexity and
heavy computations compared to literature such as
which is not favorable for online BMS designs. In the
following section, first, the proposed control design is
described, and then, the proposed balancing strategy is
presented.

42.1 | Proposed finite-state machine-based
control design

In the proposed finite-state machine-based control
design, three states are defined. Each state has its
balancing strategy. Depending on the operating states
defined based on the tradeoff weight, the proposed
controller decides on the balancing approach. These
states depend on the SoC and temperature criteria and by
changing the a and f values. The operating state is
decided based on the limiting criteria for the maximum
SoC derivation (Spmax), the maximum temperature
derivation (T} m.x), and the average SoC (S,,) at each
sampling instant (k). The limiting criteria for Sy, ma.x are
the SoC limit (Sjm,). The limiting criteria for Ty max are
the lower bound limit (Tjiy,;) and the upper bound limit
(Tiim,n)- The criteria for S,, is the average SoC limit
(Sav.im)- The Simi, Tiimi>» and Ty, values are chosen
as 0.1%, 0.5°C, and 0.6°C respectively, to avoid fast and
unnecessary state changing, unlike the other optimiza-
tion solution in Altaf and Egardt.?® The value of Sy, jim is
dependent on the maximum charging current (I; yax) and
Sr.max to ensure the SoCs are balanced before reaching
the 80% charging level. S,y 1im is defined as

I
»max It max

80%, 0 < 80% — S,
(24)

Sav,lim =

0%, 80% — 7Sy max 7— < 0,
’ t,max
where y is the maximum change in the S, to balance the
St.max Of 1% which is calculated to be 3%, I, is the
charging current, and I, m,c is the maximum charging

current of battery cells in series, which is 10 A for the

studied cells. Two operating factors, @« and 8 are two
binary factors. If « is 1, the SoC balancing is active and if
it is zero, the SoC balancing is inactive. Similarly, for 3, if
it sets at 1, the temperature balancing is active and if it is
zero, the thermal balancing is inactive. Three states are
defined for this design as follows.

« State 1: If both temperature differences and the SoC
differences are within the defined criteria or the SoCs
are balanced and the average SoC is more than Sy, 1im
for state 1 as shown in Figure 6C, State 1 happens. In
this state, two operating factors a and 3 are both zeros
in this state meaning balancing circuits are off.

+ State 2: When the defined criteria shown in Figure 6C
for State 2 are met, the state operating changes to State
2. In this state, the priority is to balance SoCs. State 2
stays until SoCpmax is less than or equal to the
minimum allowed SoC imbalance (Sym;) and Sy, is
greater than S, ;im. Operating factor « is set at one, and
B is set at zero in the state.

« State 3: According to the defined criteria in Figure 6C,
in State 3, the priority is to balance temperatures. This
state happens when T max reaches its upper bound
limit (Tiim,,). State 3 stays until Sg, is smaller than
Salim OF Tpmax is less than Ty, ; meaning cell
temperatures are balanced. Therefore, operating fac-
tors a and (3 are set at zero and one, respectively.

Figure 6B,C show the state machine criteria and the
balancing controller for temperature and SoC balancing,
respectively. As can be observed in Figure 6B, the
balancing controller calculates the reference current for
the inner current control loop for each battery cell. The
sampling period for the state machine is supposed to be
longer than the inner current control loop's sampling
period to ensure the stability of the control design. In this
study, the sampling time k happens every 1s due to
slower dynamic changes in thermal modeling compared
to ones in electrical modeling. In other words, the
temperature estimator is designed to update temperature
and heat transfer values every 1s.

4.2.2 | Proposed SoC and temperature
balancing strategy

A proposed balancing strategy is suggested to balance
either SoCs or temperatures. The proposed strategy
balances battery cells' parameters without requiring
them to solve complicated and computationally heavy
optimization problems. In Figure 7, the proposed strategy
is shown for SoC balancing. The proposed strategy
calculates the reference cell balancing current for each
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Calculate S,, and SoC differencﬂ

Yes Set I, =0
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Sort SL,,‘
Calculate allocation co-efficients o;
Ig,i =G; Imax
Fori=1,...,n

FIGURE 7 Proposed state of charge (SoC)-based balancing
strategy.

cell according to their SoCs at each time step (k) for the
next time step (k + 1) using a pulse with the frequency of
1000Hz. The proposed strategy for SoC balancing is
discussed as follows.

Step 1: At time step k, the SoC (S;), the charging
current (I;), and the maximum allowed cell balancing
current of each cell (I max) are received. If I, is less
than the Ipma, then the maximum cell balancing
current (Inax) is set equal to I, if not Lyax equals Loy max-
 Step 2: The average SoC (S,,) and the SoCs deviations
(Sp.;) from S, are calculated. If the maximum SoC
deviation (Sg, max = ISy 1l.) among all cells is less than
Siim,1 (i-e., 0.1%), no balancing is required (i.e., I;; = 0
for i =1, ..,n). If not, the algorithm calculates the
allocation coefficients o; based on the S;; as

(%1 SL,l

=1 ¢ | = Spminlexis (25)
On St.n

where S, min is the minimum of Sp; wheni =1, ..., n and
1,1 is a matrix of ones with the size of n X 1.

« Step 3: Go back to step 1 for the next time step k + 1.

Similar steps are followed to calculate o coefficients for
the temperature balancing strategy. For charging, the cell

with the highest temperature requires to discharge with
the highest balancing current to mitigate the input current
into the cell. Subsequently, step 2, during the temperature
balancing, is to calculate the T, and the error vector of T}.
And, calculating the allocation coefficients o; as follows:

o Tr1

= - TL,min 1k, (26)

On Tin
where T}, min is the minimum temperature among all the
Tis fori =1, .., n.

5 | SIMULATION RESULTS

In this section, case studies are developed to study the
performance of the proposed control design and balanc-
ing strategy. Four battery cell electrothermal models with
their flyback converter balancing circuit averaged model
in series are simulated in Matlab/Simulink. The battery
cell parameters are listed in Table 1. The battery cell
ECM parameters vary depending on their SoC levels and
temperatures shown in Figure 3. Parameters of flyback
converters are listed in Table 2. The ambient temperature
is set at 25°C. Additionally, the effect of the thermal
management system in the BMS is neglected to focus on
the effects of the balancing system on battery cells’ SoCs
and temperatures. Several case studies evaluate the
performance of the proposed control design and balanc-
ing approach in the following subsections.

51 | Proposed SoC balancing
performance in comparison with
a conventional method

In this case, the proposed SoC balancing strategy is
compared with the method suggested in Brandis et al.*!
on four cells in series with the same ambient and internal
temperatures and with different initial SoCs. The
conventional method slows down the charging of a cell
with the highest SoC. Cells’ SoCs have a 1% difference
from each other at the start and the battery cells are
charged with 5 A current. The simulation results show
the cells' input currents, SoCs, and temperatures for (a)
the proposed method and (b) the conventional method in
Figure 8. The proposed SoC balancing allocates the input
currents (I;) by setting the reference currents (I ;) for
balancing circuits. The battery cell SoC error decreases to
less than 0.1% after 49 s, while it reaches less than 0.1%
after 94 s in the conventional method. Additionally, the
SoC balancing strategy causes up to 0.75°C temperature
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imbalance among cells by the end of the SoC balancing
process in both cases.

5.2 | Proposed temperature balancing
performance

In this case study, the proposed temperature balancing
strategy without the SoC balancing is implemented on
the four cells in series with different initial internal
temperatures and the same ambient temperatures and
initial SoCs. The simulation results show the SoCs and
temperatures of the battery cells for 200 s while each cell
has a I°C difference initially. In Figure 9, battery cells’
SoCs (S;), temperatures (7;), and input currents (I;) for
i =1,..., 4 are shown. The temperature balancing time is
almost twice longer than 100 s compared to the balancing
time for the proposed SoC balancing strategy. The
maximum cell temperature differences from the average
temperature (Tf max) is less than 0.5°C and caused
more than 3% SoC imbalance from the average SoC.

5.3 | Proposed finite-state control
design performance with constant
current charging

The proposed finite-state machine-based balancing strat-
egy is shown in this case study. Figure 10 shows the SoCs
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(S;), temperatures (T;), and cell voltages (V;;) for the
proposed controller. The proposed controller balances
battery cells' temperature during the charging process
and balances the SoC imbalances before the average SoC
(Sqy) reaches 80% charge level while without any
balancing control, temperatures are unbalanced and cell
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FIGURE 9 Results of input currents (I;), state of charges
(SoCs) (S)), and temperatures (T;) of the cell i for i =1,..., 4.
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FIGURE 8 Results of input currents (I;), state of charges (SoCs) (S;), and temperatures (T;) of the cell i for i = 1,...,4 for (A) the proposed

balancing strategy and (B) the conventional method.
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1 with the highest SoC (S;) limits the charging capacity to
avoid overcharging of cell 1. Additionally, in Figure 10,
changes in the operating states cause different cell
terminal voltages (V;;) since the input current for each
cell is different depending on the operating state. The
operating state of the proposed controller is shown in
Figure 11. In the beginning, the proposed controller
operates on state 3 to balance temperature. After
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FIGURE 10 Simulation results of state of charges (SoCs) (S)),
temperatures (T;), and voltages (V;;) using the proposed finite-state
machine-based balancing strategy.
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FIGURE 11 State changes between states 1, 2, and 3 when
using the proposed finite-state machine-based balancing strategy.
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balancing temperatures, when S, reaches Sg, jim, State 2
balances SoCs to ensure balanced SoCs before reaching
the 80% charging limit. The proposed control design
avoids fast state changes by defining limits, Tjj,, and
Tim, for the temperatures of cells. To compare the
effectiveness of the proposed control design with the
other approaches, the maximum root mean squared error
(RMSE) of T; is calculated for each method. The RMSE is

defined based on Chai and Draxler** as /ti S N2,

where £, is the simulation period. Table 3 compares the
Spmax Vvalues (when S, is greater than 80%), the
maximum RMSE of Ts, and the charging time from
60% to 80% for (1) no balancing control, (2) only proposed
SoC-based balancing control, (3) only proposed
temperature-based balancing control, and (4) the pro-
posed finite-state machine-based control operates in the
same operating condition as Figure 10. The SoC-based
control balances the SoCs, yet it has a large RMSE. The
temperature-based control has the smallest RMSE
compared to other methods, yet the SoC is not balanced.
The S;max for the proposed finite-state machine-based
control is at 0.1%, while it has a lower RMSE value
compared to SoC-based control and no control strategy;
yet, it has a longer balancing time compared to other
methods. The proposed finite-state machine-based con-
trol improves the temperature balancing between cells
during the charge without compromising the SoC
balancing requirements which maximize the charging
capacity.

5.4 | Proposed finite-state control
design performance with 10 cells in series

In this case study, the effectiveness of the proposed
control design is assessed using a configuration of 10
series-connected cells. This configuration is intentionally
set up to represent the most extreme scenario of SoC and
temperature imbalances. Meaning the cell with the
highest SoC has the lowest temperature and vice versa;
consequently, the temperature balancing contributes to
more SoC imbalance. As shown in Figure 12, initially,

TABLE 3 Comparison between battery cells' temperatures and state-of-charges (SoCs) with different types of control modes.

SoC-based
Type of control No control control
St,max for S, > 80% 1.5% 0.1%
Maximum root mean squared 1.7830°C 1.2836°C
error for T
Charging time from 60% to 80% 349.5s 365s

Temperature-based Finite-state machine-based
control control

2.1774% 0.1%

0.6512°C 0.9670°C

386.2s 407.6 s
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FIGURE 12 Simulation results of state of charges (SoCs) (S;)
and temperatures (T;) for the proposed finite-state machine-based
balancing strategy with 10 series cells.

there are 9% SoC imbalances among the cells with
maximum and minimum SoC and 9°C temperature
imbalances between the cell with the highest tempera-
ture and the cell with the lowest temperature. The results
for the temperature and SoCs in Figure 2 show that the
control design balances the temperature during the
charging until 345s and then changes the operating
mode to SoC balancing to ensure balanced SoCs before
the average SoC reaches 80% charge. It should be noted
that the maximum temperature reaches 54.45°C due to
the lack of a thermal management system that mitigates
the overall temperature of the battery pack.

6 | CONCLUSION

This study introduces an innovative finite-state machine-
based control design that utilizes active balancing circuits
(i.e., flyback converters) within the BMS to address two
crucial objectives: achieving balanced SoCs and mitigating
temperature imbalances. The proposed controller tackles
the different battery cell aging in a battery pack using
temperature balancing during the charging period and
maximizes the energy capacity of a battery pack using SoC
balancing closer to the end of charging process. Further-
more, the finite-state machine-based control design has the
advantage of being more computationally efficient com-
pared to optimization-based solvers due to its simplicity.
The proposed control design is combined with the
proposed balancing strategy which allocates currents of
balancing circuits to balance either SoCs or temperatures.
The results show the proposed balancing strategy has
superior performance compared to the conventional
method with regard to balancing speed. Finally, the results
show that SoCs can balance faster compared to the
temperatures due to slower heat transfer dynamics. This

observation indicates that integrating temperature balanc-
ing into the SoC balancing circuit could mitigate tempera-
ture imbalances among battery cells without interrupting
the SoC balancing.
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