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A faster and cost-effective active package to cell balancing battery management system by using an
isolated CUK converter and switch matrix is introduced in this study for the li-ion batteries that
have charge unbalance when they are uncontrolled. / Bu ¢alismada, kontrolsiiz olduklarinda sarj
dengesizligi yasayan Li-ion bataryalar igin izole CUK déniistiiriicii ve anahtar matrisi kullanilarak
daha hizli ve maliyet etkin bir aktif paket hiicre dengeleme batarya Yonetim Sistemi tanitilmistir.
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Figure A: The experimental setup of the proposed balance topology /Sekil A:.
Onerilen dengeleme topolojisinin deneysel kurulumu

Highlights (Onemli noktalar)

»  This study highlights high balancing speed and a cost-effective active balancing method.
| Bu ¢alismada yiiksek dengeleme hizi ve maliyet etkin bir aktif dengeleme yontemi
vurgulanmaktadir.

»  High power capacity isolated CUK converter and multi-selection capable switch matrix
are proposed. / Yiiksek gii¢ kapasiteli izole CUK déniistiiriicii ve ¢oklu segim yetenegi
olan anahtar matriksi onerilmistir.

» A feasible control method has been established with a cell selective algorithm, which
constitutes the most optimal balancing process. / En optimal dengeleme siirecini
olugturan hiicre segimli algoritma ile uygulanabilir bir kontrol yontemi olusturulmustur.

Aim (Amag): In this study, it is aimed to complete the balancing process in a short time and cost
effectively and to use maximum Li-ion battery performance. / Bu ¢alismada kisa siirede ve maliyet
etkin bir sekilde dengeleme islemini tamamlayyp maksimum Li-ion batarya performansi kullanimi
hedeflenmektedir.

Originality (Ozgiinliik): By using an isolated CUK converter capable of providing high power
transfer, the cell selective algorithm offers a high-speed and cost-effective solution. / Yiiksek gii¢
aktarimi saglayabilen bir izole CUK doniistiiriicii kullanimi ile beraber hiicre se¢imli algoritma
yiiksek hizli ve maliyet etkin bir ¢oziim sunmaktadir.

Results (Bulgular): This study has achieved the fastest balancing among the package-to-cell
methods, with a value of 9.64 mV/min, and the most cost-effective method based on cost analysis. /
Bu ¢alismada paket-hiicre yontemleri arasinda en hizli dengeleme 9,64 mV/dakika degeriyle elde
edilmis olup, maliyet analizlerine gore en uygun maliyetli yontemdir.

Conclusion (Senug): Load balancing of eight series cells was achieved using battery management
system constructed with active package-to-cell balancing method including isolated CUK converter
and switch matrix. / zole CUK déniistiiriicii ve anahtar matrisi iceren aktif paketten hiicreye
dengeleme yontemi ile olusturulan batarya yonetim sistemi kullanilarak sekiz seri hiicrenin yiik
dengelemesi saglanmistir.
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Abstract

This paper proposes a faster active package to cell (P2C) balancing battery management system
(BMS) by using a proportion-integration (PI) controlled isolated CUK converter (ICC) with a
cell-selective switch matrix (SWM). The high power capability of the ICC and a SWM that has
the ability to select each cell individually or multiple cells in series increase balance speed. In
addition, the low cost analysis and small size comparisons of the proposed study are presented.
BMS is applied to battery packs to monitor the voltage, current, temperature, and state of charge
(SoC) values of each cell and provide the battery pack with the ability to operate in a safe zone.
One of the battery problems is that each battery cell in the pack does not contribute energy equally
to the entire pack. Li-ion batteries that are used in this paper also suffer from this problem due to
their higher energy density than other batteries. Therefore, a balancing operation is needed for
the voltage and SoC of each cell. According to the average of battery cells, the entire pack charges
the selected lower cells by converting the energy through ICC and switching the lower energized
cells. Due to the isolation, the energy can be transferred from pack to cell. The proposed study is
simulated in MATLAB Simulink and then implemented experimentally. The tests are conducted
as an idle state balance operation, and the experimental tests show that the balancing operation
requires 1170 seconds to balance a 10% SoC difference and 3033 seconds to balance a 55% SoC
difference. The experimental studies produce a balancing speed of 9.64 mV/min with 81.98%
efficiency. Finally, the result of the proposed study is compared with the other P2C methods in
the literature. The comparison also showed that the proposed study is a cost effective solution.

Izole Cuk Déniistiiriicii ve Anahtar Matrisi Kullamilarak Daha Hizli Paketten
Hiicreye Dengeleyen Batarya Yonetim Sistemi
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Bu makale, hiicre segici anahtar matrisi (SWM) ile proportion-integration (PI) kontrolli izole
CUK doénistiiriicii (ICC) kullanarak daha hizli bir aktif paket hiicre (P2C) dengeleme batarya
yonetim sistemi (BMS) dnermektedir. ICC'nin yiiksek gii¢ kapasitesi ve her bir hiicreyi ayr1 ayri
veya seri halde birden fazla hiicreyi se¢gme yetenegine sahip bir SWM, dengeleme hizini artirir.
Ek olarak, oOnerilen ¢aligmanin diisiik maliyet analizi ve kiiciik boyut karsilagtirmalart
sunulmaktadir. BMS, her bir hiicrenin voltajini, akimini, sicakligini ve sarj durumu (SoC)
degerlerini izlemek ve batarya paketine giivenli bir bolgede ¢aligma yetenegi saglamak igin
batarya paketlerine uygulanir. Batarya sorunlarindan biri de paketteki her hiicrenin tiim pakete
esit sekilde enerji saglamamasidir. Bu makalede kullanilan Li-ion bataryalar de diger bataryalara
gore daha yiiksek enerji yogunluklari nedeniyle bu sorundan muzdariptir. Bu nedenle, her bir
hiicrenin voltaji ve SoC'si i¢in bir dengeleme islemi gereklidir. Batarya hiicrelerinin ortalamasina
gore batarya paketi enerjisi, ICC araciligiyla doniistiiriilerek secilen daha diisiik enerjili hiicreleri
sarj eder. zolasyon sayesinde, enerji paketten hiicreye aktarilabilir. Onerilen galisma MATLAB
Simulink'te simiile edilmis ve ardindan deneysel olarak uygulanmigtir. Testler bostaki durum
dengeleme islemi olarak yiiriitiilmistiir ve deneysel testler, dengeleme isleminin %10 SoC farkini
dengelemek igin 1170 saniye ve %55 SoC farkini dengelemek igin 3033 saniye gerektirdigini
gostermistir. Deneysel c¢aligmalar, %81,98 verimlilikle 9,64 mV/dakika dengeleme hizi
iretmistir. Son olarak, Onerilen g¢alismanin sonucu literatiirdeki diger P2C yontemleriyle
karsilastirilmigtir. Karsilagtirma ayrica onerilen ¢alismanin maliyet agisindan etkili bir ¢éziim
oldugunu gdstermistir.
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1. INTRODUCTION (GIRiS)

In recent years, the electrification of electrical
vehicles, marine vehicles and aerospace vehicles
has become important because the electrical
features of the vehicles increase each day. [1]
According to the latest statistics, transport vehicles
that use fossil fuels were responsible for 26% of the
total greenhouse gas emissions of Saudi Arabia in
2019. [2] For those reasons, the need for energy
storage systems is increasing to supply the required
energy and reduce greenhouse gas emissions. One
of the energy storage solutions is rechargeable
batteries with lead-acid, nickel, or lithium
electrochemistry. [3-5] Lithium batteries are the
most commonly used rechargeable battery type
recently for electrical vehicles, marine vehicles and
aerospace vehicles due to their features of high
power density, high current capacity, low
maintenance and no memory effect. [6-8] However,
rechargeable batteries must operate in a safe
operating region because overcharging, over
discharging, battery cell voltage unbalance and
overheating conditions are harmful for batteries and
may cause severe damage if they are not monitored.
[9-11]

Battery charging and discharging periods may cause
a battery voltage unbalance among the series
connected battery cells over time. This leads to an
overcharge or undercharge of a few battery cells in
the battery pack. The overcharge of the battery
causes overheating and even thermal runaway. On
the other hand, overcharging a battery causes a
reduction in its lifecycle and the even death of the
battery cell. [12] Therefore, the BMS is used to
balance the cell voltages and operate batteries with

safe and higher performance.
CELL BALANCING
METHODS

Miscellaneous methods are presented and
implemented to provide balancing operations
among the battery cells. These are mainly active and
passive balancing methods in the literature, as seen
in Figure 1. [13-16] The passive balancing methods
are fixed shunt and shunt switched resistor
topologies. [17] The passive methods are very
simple and have a very low cost since the resistor
and switching elements are the only required
components, but this method suffers from very low
speed, inefficiency, and a heat problem due to the
shunt resistors. On the other hand, active balancing
methods offer high balancing speed due to active
topologies, high efficiency due to charge transfer
and fewer heat problems due to the nonexistence of
shunt resistors. The cell to cell (C2C) [18-22]
methods can transfer the excess charge either
adjacent-cells to adjacent-cells or any-cell to any-
cell. The C2C method provides moderately fast and
highly efficient topologies such as switched
capacitor, CUK converter and quasi resonant
converter. However, the complexity of the C2C
topologies is high because of the number of
switching elements and passive components.
Therefore, the cost and size of these topologies
become high. The cell to pack (C2P) [15-16, 23-24]
methods in the literature aim to transfer the charge
from overcharged battery cells to the entire battery
pack. The multi-winding forward transformers or
unidirectional flyback converters are implemented
in the literature as C2P balancing methods. The C2P
methods are more cost effective and smaller in size
than the other active methods. However, their
balance speed is not as good as P2C methods, and
their efficiency is moderate while their complexity
is high due to the existence of a multi winding
transformer and many switches.

r Yy
Passive Balancing |« » Active Balancing
-
Y £ Y l
Fixed Shunt Resistor Cell-to-Cell Cell-to-Pack Pack-to-Cell
[13] (C2C) (C2P) (P2C)
) v o v . v v
Switching Shunt Switched-Capacitor Multi Winding Multiple Transformer
Resistor [17] [18] Forward Conv. [23] [25]
CUK Converter Unidirectional Half Bridge Converter
[15,19-20] Flyback [24] [26-27]
Quasi Resonant Cell Selective
Converter [21-22] Flyback [15,28]

Figure 1. Chart of cell balancing methods (Hiicre dengeleme yontemleri cizelgesi)
640
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The P2C method aims to transfer energy from the
battery pack to the low-charged battery cells. The
P2C method has the highest balance speed ability
among the active methods. High-power balancing
can be provided for large battery packages. In
contrast, the efficiency and cost effectiveness are
lower than the C2C and C2P studies. In terms of the
P2C method, multiple transformers, cell-selective
flyback or half-bridge topologies are presented in
the literature. The multiple transformer topology
requires separate transformers for each cell. [25]
Also, the multi-winding transformer based half
bridge converter topology takes up more space as
the number of cells increases. [26] High balancing
speed and high efficiency can be achieved by these
topologies, but their high cost, high complexity and
large size are their drawbacks. Another voltage
multiplier based half bridge converter topology has
the advantages of high balance speed, being
relatively efficient and being lower in complexity
due to the reduced switch count. [27] Conversely,
the amount of passive components increases very
much, and causes high cost and large size, as well.
On the other hand, a cell-selective flyback converter
transfers energy to the relevant cells with two
transformers and a switch matrix that allows the
selection of cells individually. [28] Even if the cell
selected flyback converter provides less current and
causes slow balance speed due to the low power
design of the presented study, the cell selected
flyback converter topology has an efficient,

moderately simple, cost effective and medium sized
topology among the P2C methods. Therefore, high
power capable dc-dc converters are researched in
the literature for faster performance. [29] The high
current capability for faster balancing and high
efficiency can be achieved by the push-pull, full
bridge and half bridge converters. However, their
complexity and cost are very high. Also, the size is
large. Therefore, faster and more efficient
topologies are researched by considering
complexity, cost and size.

Battery balancing in literature requires the
utilization of strategies such as battery cell terminal
voltages, SoC, or capacity to implement a balance
algorithm. [33] The strategy of monitoring battery
cell terminal voltages is conventional, practical, and
easy to implement. Nevertheless, this approach may
suffer from an imbalance issue due to variations in
the internal resistance and capacity of the battery
cells caused by aging. Another approach is to
consider the SoC levels of battery cells. This
strategy is robust against the effects of aging and
disturbances thanks to its dynamic balancing
operation. Nevertheless, the computational effort is
high. As a last strategy, the total capacity maximizes
the energy utilization of a battery pack.
Nevertheless, the implementation of this strategy in
real-time requires a significant computing effort for
the BMS.

BALANCING
ALGORITHMS

Control Algorithm
Based

Y

Statistics Based

Maximum-Minimum

N
Modern Control

Classical PID Control
Methods

Method [30]

Algorithm [34]

Intelligent Control
Methods

J' ~ ¢ Mean Algorithm [34]
Sliding Mode Control Fuzzy Logic
Algorithm [31] Algorithm [33]

Model Predictive
Control Algorithm [32]

¢ Difference
Genetic Algorithm Algorithm [34]

[33]

v

Neural Network

Algorithm [33]

Figure 2. The balancing algorithms in the literature (Literatiirdeki dengeleme algoritmalarr)

Figure 2 provides a comprehensive list of the
balancing algorithms provided in the literature. The
adaptive PID controller, modern methods, and
intelligent methods ensure robust control over both

linear and nonlinear battery balancing operations.
[30-33] Furthermore, the states of repeated
balancing and overbalancing are eliminated.
Nevertheless, these methods require complicated
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mathematical models, significant computational
effort, or data training. In contrast, the statistical
algorithms of maximum-minimum, mean, and
difference algorithms offer simpler implementation,
lower computational effort, and higher accuracy.
[34] Furthermore, these methods are widely
applied. Nevertheless, the statistical algorithms may
encounter repeated balancing and overbalancing
issues. Besides, the proposed algorithm is
also derived from the mean algorithm. The
proposed algorithm  constrains  the  balance
operation by employing a threshold to prevent
overbalancing. Additionally, a periodic operation
function is implemented in the cell selective
algorithm (CSA) algorithm to solve the problem of
repetitive balancing, as shown in Figure 8.

In this study, a faster and more cost effective active
P2C balancing BMS that can select the cells with
the SWM, provide power transfer with the ICC is
proposed. The proposed PI controlled ICC provides
high current application, which results in high speed
and low balance time. [35] Moreover, the SWM can
be configured to select up to 4 cells for ICC, thus,
high power balancing, expanded cell control and
easier cell selection are provided. The proposed
CSA monitors the voltage, current and SoC
parameters of each cell and performs an optimal
balancing operation in case of an imbalance. On the
other hand, the proposed topology is cost effective
among the P2C methods and offers a compact size
of practical circuitry. The working principle,
representative figures, calculations and explanation
of the CSA algorithm are given in Section 2. The
implementation and the results of the simulation are

given in Section 3. The experimental study is
presented in Section 4 by including the
experimental implementation, SoC estimation,
efficiency calculation, design performances, the
results of balancing operations and the comparison
with other P2C topologies. Finally, Section 5
includes the conclusion of the study.

2.METHODOLOGY OF BMS TOPOLOGY
(BMS TOPOLOIJISININ METODU)

Recently, the battery packages that are used in real
applications such as electrical land vehicles, marine
vehicles, and aircraft have increased as the
electrification trend increases. As a result, the
balancing operation of the BMS topologies requires
longer time to complete, which constrains
maximizing battery capacity and health. [33]
Therefore, higher balancing speed and the high
current capability of the balancing topologies are
required. On the other hand, the balancing topology
needs to be cost effective and simpler.
Consequently, the proposed ICC and SWM
topologies are utilized for high balancing speed and
low cost.

2.1.Working Principle of ICC (ICC ¢alisma prensibi)

The proposed balance topology is composed of
ICC, SWM and a BMS controller that are given in
Figure 3 (Proposed topology) and in Figure 6
(Whole system). One parallel and 8 series battery
cells are used as a battery package. The Li-ion
electrochemistry rechargeable battery cells (B [1:8])
are selected in this study [36].

I'rcf

Ll C1 G‘z L2 I£>
° a—g—¢ =
1:n
Vin _— @a; NIE || N, u@ PWM == Vout
Clye PWM 4 . H Ciut
Swy el Swe
N
o o
Duty PWM

>

Err =]
Controller

I,

B J; I
L4>A'Lr

Ramp PWM'
M

Figure 3. The proposed ICC topology and PI controller (Onerilen ICC topolojisi ve PI kontrolcii)

The ICC is composed of magnetic inductors (L4,
L,), series capacitors (C;, C5), switching MOSFETSs
(Swy and Sw,), filter capacitors (Cy., Cpqr) and a
transformer with a turns ratio of N;/N, as seen in
Figure 3.The ICC provides isolation to enable P2C

power transfer and provides high power balancing.
After the PI controller is activated to drive ICC, the
ICC operates in two states as shown in Figure 4 and
Figure 5.
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State 1 Operation: By turning Sw; MOSFET on
and Sw, MOSFET off as in Figure 4, L, is charged
by battery pack while the output is supplied by C;,
C,, Cpq capacitors and L, inductor. The
transformer is discharged while transferring the
energy on C; to secondary side.

State 2 Operation: By turning Sw; MOSFET off
and Sw, MOSFET on as in Figure 5, L, charges the
C, capacitor, the transformer on the primary side
and C, on the secondary side. The output is supplied
by Cp,: capacitor and L, inductor.

Figure 5. State 2 of proposed balance topology (Onerilen dengeleme topolojisinin 2. durumuy)

2.2.Working Principle of SWM (SWM ¢alisma
prensibi)

The ICC input is supplied by the battery package,
and the output voltage can be adjusted to charge
from 1 to 4 series battery cells according to what the
battery balance algorithm needs. The ICC output
terminals are connected to the SWM input. Also, the
Li-ion battery cells are connected to SWM outputs
individually. Thus, each battery cell can be selected.
The SWM is composed of series diode (D,[1:8],
D, [1:8]) and MOSFET (S,[1:8], 5,[1:8]) branches.
These branches provide to select positive and

negative polarity of battery cells. The output of the
ICC will be connected to the determined cell if the
SWM is configured. The operation examples of
SWM are given below. As seen in Figure 6 (), the
charge levels of Bg and B, are lower than the
average charge level. Therefore, the S,g and S,
MOSFET branches of SWM s turned on to select
Bg and B;. On the other hand, the charge levels of
B,, B3, B, and B; are lower than the average charge
level. Therefore, the S,, and S,; MOSFET
branches of SWM is turned on to select the cells
from B, to B; as shown in Figure 6 (b).
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DC
DC/DC
Converter

DC/DC

Figure 6. Selection configurations of SWM: (a) Two cells selection, (b) Four cells selection (SWM’in se¢im

yapilandirmalari: (@) iki hiicre se¢imi, (b) dort hiicre se¢imi)

2.3.BMS Controller (BMS kontrolciisii)

As seen in Figure 7, the controller of the BMS
monitors each battery cell voltage, input-output
currents and temperature of the battery pack with
the help of sensors in the proposed method. In idle
state, the charge level of battery cells is monitored
thanks to the SoC estimation algorithm, and lower-
charged cells are determined in cases of an
unbalanced condition. When a charge imbalance
occurs among the battery cells, the controller enters

into run state, configures SWM to select the
determined cells with CSA, and enables the PI
controller of the ICC for power conversion. Thus,
the lower-charged cells are charged with the battery
pack as P2C. In run state, the input and output of the
ICC are measured to monitor how much current is
flowed from the battery pack to the determined cells
over time because the charge drop of the pack and
the charge increase of the determined cells are
required to finish the balancing operation.

Battery Pack ng\ﬁMl_L Swy, Swo
Temperature > > PWM
Measurement | APC Qutputs
Isolated CUK » Sp[1:8]
I/O Current Y > McU PWM Switching
Measurements » Signals
L nn
Battery[1:8] J s s
Voltage > g pt[ - ]
Measurements| APC » V\'f' ching
Signals

Figure 7. Controller block diagram (Kontrolcii blok diagramr)
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2.4. Calculation of ICC Design Parameters (ICC
tasarim parametrelerinin hesaplamast)

While operating the ICC in steady state condition,
the input and output relationship of the converter is
obtained as the equation (1).

n*xViy,*D

1-D €y

Vout =
The output voltage, V,,,,;, is equal to the transformer
turns ratio, n, times input voltage, V;,,, times duty
cycle, D, divided by one minus D. The passive
component values are calculated by considering the
state 1 and state 2 of ICC that is shown in Figure 4
and Figure 5.

_Vin*D*T Vip*D=*T
YT Ay Aig,

(2)

The value of L, inductor is equal to the input
voltage, V;,, times duty cycle, D, times the
switching period, T, divided by the change of
currenton L4, Ai;;, which is also equal to the change
of input current, Ai;,,, as obtained from the equation

Q).

Vout*(l_D)*T_
Aip, B

2=

Vout*(l_D)*T
Ai,

3)

For the L, inductor, the equation (3) is obtained.
The L, inductor equals to the output voltage, V, .,
times duty cycle, D, times the switching period, T,
divided by the change of current on L,, Ai;,, which
is also equal to the change of output current, Ai,.

_VinxD*T  Vip*D=T
- A +nxl,)

(4)

A,

The simplified equation (4) to calculate
magnetizing inductance value of transformer, Lm,
is equal to the input voltage, V;;,, times duty cycle,
D, times the switching period, T, divided by the
change of current on L,,, Ai;,, which is equal to
A(liy + % 1,).

Iin*(1—D)*T

=" 5)

The €, capacitor value is obtained with the equation
(5). The C; capacitor equals to the input current, I;,,,
times one minus duty cycle, D, times the switching
period, T, divided by the change of voltage on Cj,
AV,,, which is also equal to the change of input
voltage, AV;,.

. = I,*D*T 6)
2= "y (
The C, capacitor value is obtained with the equation
(6). The C, capacitor equals to the output current,
I,, times duty cycle, D, times the switching period,
T, divided by the change of voltage on C,, AV,,,
which is also equal to the change of input voltage,
AVoys.

o AipeT

(7

The capacitance of the output capacitor, Cpq¢, 1S
obtained with the equation (7). The C,; capacitor
equals to the change of current on L,, Ai;,, which is
also equal to the change of output current, Ai,, times
duty cycle, D, times the switching period, T, divided
by the change of voltage on Cpq¢, AVipas, Which is
also equal to the change of input voltage, AV,,;,
multiplied by 8.

The component values are calculated and
implemented in the proposed topology as listed in
Table 1. The MOSFETSs and diodes are selected by
considering their operation region in the balance
circuit. The ICC MOSFETS are driven with 50 kHz
PWM signals. The PWM outputs of the balance
topology and UART output for the BMS user
interface are provided, and the temperature, current
and voltage measurements are monitored by a
microcontroller. Nickel-enriched lithium nickel
manganese  cobalt  oxide  (LiNiMnCoO2)
electrochemistry battery cells are used in this study.
[37] The battery cells are 18650 packages. Their
charge capacity is 2800 mAh, and voltage range is
4.25V max and 2.5 V min.
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Table 1. Design parameters (Tasarim parametreleri)

Parameter Value
Input voltage (V;;,) 20Vt033.6V
Output voltage (V,,;) 0Vto16.8V
Max output power (P,) 50.4 W
Switching frequency 50 kHz
Efficiency () 81.98 %

ICC MOSFETS (Swy, Sw,)

BSCO70N10NS5ATMAL 100V 80 A

SWM MOSFETS (Sp1:8: Sn1:s)

CSD18511Q5AT 40 V 100A

Diodes (Dp1.g, Dn1.)

SVM1045VB 45V 10 A

Micro-controller

DSPIC33FJ16GS502

Package

8S

Part number

ASPILSAN INR18650A28

Voltage 2.5V Min, 3.65V Nominal, 4.25 Max
Battery
Capacity 2800 mAh
Max. charge current 4A
Max. discharge currents 14A

Primary inductance, L, ESR;;

330uH, 326mQ

Primary capacitance, C;, ESR¢,

100 uF, 210mQ

Secondary inductance, L,, ESR;,

330uH, 326mQ

Secondary capacitance, C,, ESR, 680uF, 45mQ
Output capacitance, Cpu¢y ESRcpat 100 uF, 6mQ
Ly, 116uH
Lix, Rser 1.22uH, 90m Q
Transformer
Ny /Ns 30:30
Core EPCOS B66359A ETD 29/16/10

ESR: Equivalent series resistance
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2.5. The Design Explanation of CSA (CSA’nm

tasarim agiklamasi)

The CSA starts by sampling the open circuit
voltages (OCV) of the battery cells as seen in Figure
8. Then, it calculates the average of these cell
voltages for comparison with each other. Each

=

battery cell voltage is compared with the average
voltage of the cells. If all the battery voltages are
close to the average voltage within a determined
tolerance, the cell voltages are balanced, and the
balance operation is passive. However, in the
reverse situation, an unbalance is detected, and the
balancing operation is activated.

Turn ICC OFF

Balance is passive |«

v

Read OCV
of the cells

v

Calculate the average
of cell voltages.

v

l—

Estimate the SoC of |
battery cells

Estimate OCV
of the cells

1st order low
pass filter

Read cell voltages &
ICC I/O currents

Is balance
operation
passive?

Is 60 second
passed?

Count for
60 second
L

Balance is passive

Sort the cell voltages
from least to highest

Turn CUK Configure the SWM to select the
converter OFF least charged cell/s in series
Tum SWM OFF Turn ICC ON for

power conversion

Figure 8. CSA battery balance algorithm (CSA batarya dengeleme algoritmas)

The sampled cell voltages are sorted from the least
to the highest. Thus, the least charged cell is
determined. Moreover, the cells that are connected
serially with the least charged cell are checked to
see if they are below the average voltage of the cells.
The least charged cell and its series cells that are
below the average voltage are selected for
balancing. Then, the SWM is configured for
selected cells, and the ICC is turned on to start the
power transfer as P2C. After the balance operation
is started, the cell voltages, input and output currents
of the ICC are monitored continuously. After low-
pass filtration, the calculated voltage drops over
battery cells are estimated and subtracted from each
cell voltage to estimate the OCV. The obtained cell
voltages are then used to calculate the SoC levels of
the cells and compare them with the average cell
voltage. If the cell voltages are balanced, balance
operation is stopped by CSA. Otherwise, the

balance operation continues. The time step of
battery balance operation is determined as the
optimum value of 60 seconds to be able to
reconfigure the SWM safely and lessen the
computational effort. The balance operation is
periodically stopped to monitor the OCV of each
cell, update the average voltage and sort the battery
cell voltages for the next SWM configuration at the
end of every 60 seconds. Then, the balance
operation continues by activating ICC and
configuring SWM.
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3.SIMULATION
SONUCLARI)

RESULTS  (SIMULASYON

The proposed BMS balance topology is simulated
in MATLAB Simulink before being verified
experimentally. The balance operation proceeds in
an idle state scenario. The voltage, current, and SoC
inputs are observed in the simulation. The ICC

output graphs, and the balance operation graphs are
obtained.

3.1.Block Diagrams of BMS Topology (BMS

topolojisinin blok diagramlari)

The block diagrams of the proposed BMS balance
topology in MATLAB Simulink are given in Figure
9, Figure 10 and Figure 11.

ICC Block L1
Llk=1.22uH
Rser = 90 mohm
Lmag=116 uH
Bat+
‘ L1=330uH Cl =100 uF C2=680wF L2 =330uH < Ibat |
Discrete f—e— 8\ — T +\— —o—a —] A — Ty ..
1e-06 s. - C>
Sel+
- o
< 1)
- Cdc= If % Cbat
g T o TV = 100uF ‘
100 uF T
g g
<22 \ <42
Sel-
Bat-

ICC Controller Block

PI Controller

[ >—fr

I

PI(z)

E

Figure 9. Block diagram of ICC and PI controller (ICC ve PI kontrolciiniin blok diagramr)

The block diagrams of the ICC and PI controller are
shown in Figure 9. The parameters of the simulation
and the passive components of ICC are found in
Table 1. The ICC is connected to the battery
package terminals at the input, and the SWM
selection terminals at the output. The terminals are
also given in Figure 10. The switching elements of
MOS; and MOS, are connected to the output of the
Pl controller. In addition, the PI controller can be
started or stopped by S,, signal in simulation
according to the need for balancing. After the PI
controller receives an enable signal, the ICC starts
to operate.

In the implemented simulation setup, idle state
battery balancing operation is simulated with eight
series connected battery cells. To test the
functionality and the performance of the proposed
BMS topology, two different conditions that are
SoC difference and SoC sequence are combined.
The SoC difference of the battery cells are
configured as 10% and 43% in two different
attempts to see the minimum and maximum
operation scenarios. Also, the SoC level of the
battery cells are adjusted in a random sequence in
these two attempts to produce more challenging
balance operation for the CSA.
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Figure 10. Block diagram of the SWM and batteries (SWM ve bataryalarin blok diagramlarr)

The block diagrams of the SWM, BMS controller,
and batteries are shown in Figure 10 and Figure 11.
The batteries in Figure 10 are adjusted to 2.8 Ah and
3.65 V nominal voltage levels. Also, the SoC level
of each battery cell is monitored in the battery pack.
Each SWM switch is controlled by the BMS
controller with 16-bit discrete signals. According to
the selected battery cells, only one pair of the

positive and negative switches is enabled, and the
other switches are disabled. Furthermore, the BMS
controller includes the CSA algorithm, thus, the
gate signals of the SWM and PI controller of the
ICC are controlled when there is a SoC imbalance.
Also, the BMS controller has a time reference for
the periodic operation of CSA.
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Figure 11. Block diagram of the BMS controller (BMS kontrolciisiiniin blok diagrami)

3.2.1CC Outputs of Simulation (ICC simiilasyon
ciktilari)

The simulation of ICC produces the voltage and
current outputs that are shown in Figure 12. While
one battery cell is balancing, the output voltage is
settled at the one cell charging voltage while the

balance current is settled around 3A, as shown in
Figure 12(a). Also, the current again settles around
3A, and the output voltage is settled at the four-cell
charging voltage while four series cells are
balancing, as shown in Figure 12(b).
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>
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Figure 12. Cell balance outputs of simulation: (a)
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dengeleme ¢iktilart: (a) Bir seri hiicre dengeleme, (b) 4 seri hiicre dengeleme)
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Figure 13. ICC voltage measurements in simulation (Simiilasyondaki ICC voltaj lgiimleri)

While the ICC is operating at maximum power, the
primary MOSFET voltage stress is equal to the sum
of the input and output voltages. Also, it can reach
up to 50 V, and a voltage spike can reach up to 75
V, as shown in Figure 13. On the other hand, the
primary voltage of the transformer is equal to the
input voltage for the on state and equal to the output
voltage for the off state.

3.3.Simulation Outputs of Balancing Operation
(Dengeleme operasyonu simiilasyon ¢iktilar)

The balance operation is simulated in MATLAB
Simulink, and the final output is obtained as shown
in Figure 14 The first simulation result of battery

balance is shown in Figure 14 (a). The SoC levels
of the battery cells are initially set to 59.5%, 61.5%,
56%, 59%, 57%, 66%, 62.5% and 65% from 8S to
1S. The SoC unbalance of the current configuration
is 10% at maximum. In that situation, the balance
operation is finished in a quarter of an hour, which
is 15 minutes. The resulted SoC levels are 57+1%.
The second attempt is shown in Figure 14 (b). The
SoC levels of the battery cells are initially set to
70%, 35%, 30%, 27%, 55%, 50%, 38% and 65%,
respectively. At the beginning, the SoC difference
between the highest and lowest SoC is 55%. In the
final situation, the SoC levels are in the range of
30% and 32%. The balance operation took an hour
and 6 minutes.
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Figure 14. (a) First simulation result of battery balancing, (b) Second simulation result of battery

balancing ((a) Batarya dengelemenin ilk simiilasyon sonucu, (b) Batarya dengelemenin ikinci simiilasyon sonucu)

4 EXPERIMENTAL RESULTS (DENEYSEL
SONUCLAR)
The proposed BMS balance topology is

implemented as an experimental study to validate
the simulation results. The voltage and SoC based
balancing strategies are applied to an idle state
battery balancing scenario. As a result, the
operational ICC output graphs and balancing
operation graphs are obtained.
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4.1. Implementation of Test Setup (Test
kurulumunun uygulanmasi)

The experimental study of the proposed topology is
shown in Figure 15. The BMS topology is supplied
by a power supply and the battery package. The
input and output measurements are obtained by
using an oscilloscope and a BMS user interface.
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Name
BMS user interface
Adjustable power supply

Oscilloscope
Proposed Topology

ISR I E N

Battery package

Figure 15 The experimental setup of the proposed balance topology (Onerilen dengeleme topolojisinin deneysel

kurulumu)

4.2.Comparison and Calculation of SoC (SoC
hesaplamasi ve karsilagtirmasi)

The balancing operation of the BMS is completed at
the point where the battery cell voltages and their
charges are equal. Therefore, steady battery cell
voltages and their charge levels need to be

calculated. However, the battery cell voltages
increase or decrease while charging or discharging
due to the internal resistance of the battery cells.
Consequently, the studies of SoC estimation
methods are researched and gathered in Table 2. [8,
38, 39] Furthermore, their advantages and

disadvantages are compared.

Table 2. Comparison of the SoC estimation methods in literature (Literatiirdeki SoC tahmin yéntemlerinin

SoC estimation

while the battery is charging or

karsilastirmasi)
SoC Estimation .
Methods Advantages Disadvantages
ocV Implementation is easy, high Requires long rest times for steady OCV,
precision Thus, only applicable for the idle state
Online and precise SoC estimation Highly model dependent
Model-based

nonlinear conditions, High accuracy

discharging
Internal . . High precision of SoC estimation is
resistance Offers simple Implementation provided only at the end of discharging
. L . Inaccurate estimation due to the uncertain
cc Easy implementation is offered with disturbances, difficulties of initial SoC
low power consumption estimation that causes cumulative effect
. . Requires complex mathematical models,
KF Estimates SoC accurately in has possibility to diverge due to the
existence of external disturbances inaccurate models
i P ; Trained data requires high memory storage
Capability of working in noisy or ) . '
NN P y g y high computational effort

Controller based
observer

Offers high accuracy, stability and
robustness for non linear conditions

Difficulty of obtaining controller
parameters, high computational effort

The proposed
hybrid model

Simple implementation and high
precision, online SoC estimation
while charging or discharging

Aging effect and uncertain disturbance
dependent while online SoC estimation,
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The first method of OCV uses the OCV versus SoC
graph that is obtained by monitoring the voltage of
the long rested battery cells. The model-based SoC
estimation method requires a battery model, such as
an electrochemical model or an equivalent circuit
model to create an OCV-SoC look up table. The
created look up table provides online SoC
estimation while charging or discharging but this
method is highly model dependent. The internal
resistance method simply uses the DC voltage and
current measurements to obtain the internal
resistance of batteries to estimate the SoC.
However, the measured resistance is in the mQ
range, so the calculations are accurate if the battery
is discharging. The next method is coulomb
counting (CC). This method is simply based on the
integration of charging and discharging battery
currents with respect to time. However, the initial
SoC estimation is difficult and uncertain
disturbances cause inaccuracies. The Kalman filter
(KF) based methods offer dynamic estimation of
SoC against uncertain disturbances and noises. A
set of state equations is used in this method to out
deviations and noises. However, the state equations
are very complex to obtain. Another method is
neural network (NN). This method takes the battery
voltage and temperature as input and provides the
SoC estimation output by applying the trained data.
The controller based observer methods include
controllers such as PI, sliding mode or fuzzy logic
to observe the OCV precisely to obtain the SoC-
OCV relationship.

The proposed hybrid method includes OCV and
internal resistance. The simplicity and precision of
4.5¢

4.25 &
4+

375

3.25

Cell Voltage (V)
[9%)
()]

w

275+

1000
Depth of Discharge (mAh)

(a)

500

the OCV method are combined with the internal
resistance method. Thus, the change in cell voltage
due to the internal resistance while charging or
discharging is suppressed by the estimated internal
resistance. Then, the look up table for the OCV-SoC
graph is obtained and used in the balancing
operation. However, the noise and temperature
dependence are the same as in the OCV method.
The calculations are started by discharging the
battery cells from the maximum voltage level to the
minimum voltage level with 3A and 0.6A current
levels. The discharge curve of the battery cells is
obtained as seen in Figure 16. These curves are used
to obtain a look-up table for the estimation of the
SoC level and internal resistance of battery cells, as
seen in Figure 16 (a) and Figure 16 (b).

OCVcell = Vmeasured + Icell * Rinternal (8)
DOD e (AR)
S0Ceen(%) = (1 - Wgymm) £100%  (9)

While balancing the battery cells, the internal
resistance curve is used to estimate the OCV of the
cells that are charging or discharging. Thus, the
OCV is estimated by using the measured cell
voltages in equation (8). Also, depth of discharge
(DoD) curve points of 3A are used to estimate the
DoD level of OCVs by using the same equation.
Thus, an estimated DoD curve is obtained against
the OCV voltage and plotted in Figure 16(a). Then,
the OCV of each cell is obtained by applying the
curves in Figure 16(b). The obtained DoD is later
used to estimate the SoC percent of each cell by
applying the equation (9).

—0.6 A Discharge
—3 A Discharge
Estimated OCV

L
1500 2000 2500 3000
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Figure 16. (a)The depth of discharge curves of the battery cells, (b) The internal resistance curve of the
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battery cells ((a) Batarya hiicrelerinin desarj durumu egrileri, (b) Batarya hiicrelerinin i¢ direng egrisi)

4.3. 1CC Outputs of Experimental Study
(Deneysel ¢alismanin ICC ¢iktilari)

The experimental study of ICC produces the voltage
and current outputs that are shown in Figure 17.
While one battery cell is balancing, the output
voltage is settled at the one cell charging voltage

id 50ms/Div

SV/Div

Max:5.40V Min:-300mV Max:3.70A

(@)

Min:-20.0mA Mean:2 99A

while the balance current is settled around 3A, as
shown in Figure 17 (a). Also, the current again
settles around the 3A, and the output voltage is
settled at the four-cell charging voltage while four
series cells are balancing, as shown in Figure 17 (b).

50ms/Div

5V/Div

1A/Div

Max:20.0V Min:-300mV Max:3.92A Min:40.0mA Mean:2.94A

(b)

Figure 17. Cell balancing outputs of experimental study: (a) 1S cell balance, (b) 4S cell balance (Deneysel

calismanin hiicre dengeleme ¢iktilari: (a) Bir seri hiicre dengeleme, (b) dort seri hiicre dengeleme)

At the maximum power of ICC operation, the
primary MOSFET voltage stress is equal to the sum
of the input and output voltages. Also, it can reach
up to 50 V, and a voltage spike can reach up to 72
V, as shown in Figure 18. On the other hand, the

primary voltage of the transformer is equal to the
input voltage for the on state and equal to the output
voltage for the off state. Also, it has a voltage spike
level of 40.8 V.
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Figure 18. ICC voltage measurements of experim

4.4, Efficiency Calculation (Deneysel hesaplama)

The efficiency calculations in the literature are
researched, and it is seen that there are four main
methods of efficiency calculation. These are loss
analysis [40], resistive loads [27], constant battery
operation [26], and continuous balancing operation
[21]. Since the working principle of the proposed
CSA has momentary discontinuities, the continuous

ental study (Deneysel alismanin ICC voltaj Slgiimleri)

balancing operation is not satisfied. On the other
hand, the loss analysis only gives theoretical results.
Therefore, the resistive and constant battery
operations are proper methods for this study.
Among these methods, the constant battery
operation is considered the optimal solution and
selected to calculate the efficiency of the proposed
topology.

Vi
Ii Io
— | DC —> B[1:4]
_ Spl1] *
— Sa14| Vo T
z o0
- Icc Configured SWM Selected 4

Spl1]& Sn[4]

series batteries

Figure 19. Block diagram of input and output measurements (Giris ve cikis 6l¢iimlerinin blok diagramr)

The measurement locations of the current and
voltages for both input and output are shown in
Figure 19. The input voltage and selected cell
voltages are kept constant, and an output current
range is applied. These measurements are later used
in equation (10) to calculate the efficiency points
that correspond to each output current value. By
collecting these efficiency points, an efficiency
versus output current graph is obtained.

Py *100%  V, x I, * 100%
P; - VixI;

n (%) = (10)

The efficiency of the experimental study is
measured on practical circuitry, as shown in Figure
20. The efficiency graph is measured by configuring
the SWM output to have four series cells selected.
Each cell voltage is adjusted around 3.8V and the
ICC charges the selected cells with a range of
current values from 1 A to 3.5A. Thanks to the
MATLAB user interface, the current and voltage
measurements of the input and output sides are
sampled. Later, these parameters are used to
calculate efficiency and a curve fitted graph is
presented. As a result, the maximum efficiency of
the experimental circuit is measured at 81.98%
while the balance current is close to 3 A.
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Figure 20. Efficiency of the proposed balance topology (Onerilen dengeleme topolojisinin verimi)

4.5. Experimental Outputs of Balancing

Operation (Dengeleme operasyonunun deneysel
ciktilari)

The balance operation data are collected in the BMS
user interface that is designed in MATLAB. The
collected data are later used to plot the
experimentally implemented BMS topology results
as shown in Figure 21. The first attempt at the
experimentally implemented BMS topology is
shown in Figure 21 (a). At the beginning, the battery
cell voltages are 3.722 V, 3.728 V, 3.699 V, 3.720
V,3.704 V, 3,794 V, 3,742 VV and 3.791 V from 8S
to 1S. The estimated SoC unbalance is 11.33%
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among the highest and lowest charged cells. Then,
the battery cells are balanced in 1170 seconds,
which is 19 minutes and 30 seconds. After the
balance operation is finished, the final voltage
values are 3.715. The second attempt is plotted in
Figure 21 (b). Before the balance operation is
started, the cell voltages are 3.797 V, 3.476 V, 3.355
V,3.310V, 3.604V, 3.583 V, 3.510 V and 3.688 V,
respectively. The estimated SoC difference between
the highest and lowest charged cell voltages is
calculated as 51.32%. After the balance operation is
finished, the cell voltages are 3.559+0.01 V. The
balance operation time is around 3033 seconds,
which is 50 minutes and 33 seconds.
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Figure 21. (a) First experimental result of battery balancing, (b) Second experimental result of battery

balancing ((a) Batarya dengelemenin ilk deneysel sonucu, (b) Batarya dengelemenin ikinci deneysel sonucu)

4.6. Comparison with Other BMS Topologies
(Diger BMS topolojileri ile karsilagtirma)

The comparison of the P2C studies by means of
balancing speed, balancing efficiency and
complexity is given in Table 3. The balancing speed
values are estimated by dividing the reported
voltage by the balance times. In addition, the
reported SoC differences and a SoC graph in several

papers are converted into voltage differences to
compare their performances, as well. The proposed
topology has the highest balancing speed thanks to
the high power ability of the PI controlled ICC and
up to four cells selection ability of the SWM with
moderate efficiency. The complexity of the
proposed topology is simpler since a single
transformer is used, and the cell selection switches
are not driven with PWM.

Table 3. Comparisons of balancing speed, efficiency and control difficulty for the proposed study with

topologies in literature (Onerilen galisma icin dengeleme hizi, verimlilik ve kontrol zorlugunun literatiirdeki topolojilerle

karsilastirilmast)
P2C Studies in Balancing - .
Literature Speed Efficiency | Complexity
Multiple transformer 7.60mV/min 90% Comblex
[25] Very high High P
Half bridge converter |  3.73mV/min 90% Comblex
[26] Medium High P
Half Bridge 8.33mV/min 87% Moderate
converter [27] Very high Medium
Cell selective flyback 2.51mV/min 99.91% Simple
[28] Low Very high P
Proposed cell 9.63mV/min 81.98% Simple
selective ICC Very high Medium P

The cost effectiveness and size of the topologies that
are presented in Table 4 are calculated by applying
the analysis method presented in [41]. The cost of
each component is defined as the constant values
that are given, and the total cost is calculated by

counting the components that are used for each of
the 8 cells. Also, the size of the topologies is
compared by considering the number of
components used and their reported dimensions.
Because the ICC topology has only one transformer,
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the cost significantly drops, and the size of the
topology is decreased. In addition, the passive
components of ICC and the semiconductors of
SWM tolerate the increase in cost and size as

compared to the other topologies. As a result, the
comparison of the proposed topology is more cost
effective and ensures a smaller size.

Table 4. Comparison of cost and size for the proposed study with topologies in literature (Onerilen calisma

icin maliyet ve boyutun literatiirdeki topolojilerle karsilastirilmast)

Topology Component Counts for Each 8 Cells Cost Size
M|[RL[D|RS|L|[CI[T[MT]| (¥
Multiple transformer [25] 16| 0 0 0 0|0 |8 0 56.00 Large
Half bridge converter [26] 18| 0 0 0 0 (18 |0 1 42.40 Large
Half bridge converter [27] 4 0 |16 0 |16 |20 | 2 0 49.20 Large
Cell selective flyback [28] 19| 0 (20| 1 0|12 0 33.90 | Medium
Proposed cell selective ICC 18| 0 (16| O 2 | 4|1 0 31.40 | Medium

Component price per unit ($): MOSFET and MOSFET driver IC (M) (0.2+0.8), relay (RL) (0.2), resistor
(RS) (0.1), diode (D) (0.2), inductor (L) (1), capacitor (C) (0.8), single transformer (T) (5), multi-winding

transformer (MT) (10)
5.CONCLUSIONS (SONUCLAR)

This study investigates the implementation and
performance of a proposed P2C BMS active balance
topology with switch matrix. The design is
simulated using MATLAB Simulink and
subsequently validated through experimental
implementation. The ICC and switch matrix are
employed to facilitate charge transfer from the
battery pack to individual cells, performing as
anticipated. The study highlights that P2C active
balance methods are capable of handling higher
balance currents, which in turn accelerates the
balancing operation. The SoC curve of the battery
cells is estimated using a combination of the OCV
method, measured DoD curves, and internal
resistance estimation methods. Two different SoC
configurations are tested in an idle state to
demonstrate battery balance operation. The first
configuration involves a 10% SoC difference, while
the second involves a 55% SoC difference. These
differences are balanced in 1170 seconds and 3033
seconds, respectively. The proposed system
successfully balances low charged cells with the
highest balancing speed among the compared
topologies. The efficiency of the balance operation
is evaluated and revealed as 81.98% at a current
level of 3A during experimental tests. The SWM
plays a critical role in selecting low charged cells
from 1S to 4S, as detected in series, ensuring
effective charge redistribution. The experimental
results corroborate the simulation outcomes,
demonstrating the robustness and speed of the
proposed active balancing topology. These findings
suggest that the proposed P2C BMS topology is a
viable solution for enhancing the performance and
longevity of battery systems by ensuring faster

charge balancing. In addition to the speed, the
proposed study provides cost effectiveness and a
relatively smaller size among the P2C topologies.
This research contributes to the advancement of
BMS technology, providing a foundation for future
developments aimed at optimizing battery
performance and extending the operational lifespan
of battery packs.
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