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Abstract

Investment for battery energy storage systems (BESS) is rapidly growing. However, cost is still a major barrier. Since a
retired battery pack from an electric vehicle can be re-utilized for BESS, second-life battery energy storage systems (SL-
BESS) have become a promising option. However, SL-BESS applications require more intensive care in terms of battery
maintenance due to the increase in the characteristic differences of aged cells. Therefore, the SOC adjustment process is
essential both for maintenance and shipping. This study proposed a coordinated operation algorithm for the calibration
process with an optimal processing time. In addition, the effects of pack and cell currents on adjustment speed have been
investigated. Experimental results verify the performance of the calibrator by a sequence of test scenarios. The battery cells
are equalized and adjusted to the target SOC level within a 14 mV error, while the processing time is reduced by 20% when

compared to the traditional method.

Keywords Battery calibration - Cell-balancing - Cell equalizer - Second-life battery - SOC adjustment

1 Introduction

In the last decade, vehicles have been gradually electrified
due to the demand for gas emission reduction [1, 2]. How-
ever, due to the lifetime limitations of battery packs, the
number of retired batteries grows higher every year. Vari-
ous studies have proposed material recycling options [3-5].
However, the economic effectiveness of such endeavors
is controversial due to the high labor burden of recycling.
In addition, almost 80% of the available capacity remains
after the retirement of EV battery packs [6]. This capacity
can be re-utilized for other purposes. Two approaches that
can be considered for second-life battery (SLB) utilization
are: by cells (dismantling) or by modules (direct use). In
the dismantling approach, the retired battery packs are dis-
mantled into individual cells, which are categorized based
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on their characteristics and then re-assembled for electric
bikes, electric golf carts, etc. This approach can ensure the
performance of the re-assembled batteries, but the labor cost
offsets its practical feasibility. In the direct use approach, the
retired battery pack can be directly re-used for stationary
energy storage systems after a minimal inspection process
[7]. Direct re-utilization is more promising since it reduces
the efforts of classification.

These days, most studies focus on two fields of research,
charging and balancing. In charging, they mainly consider
how to reduce the charging time. Meanwhile, in balanc-
ing, they consider the equalization performance and time.
Both the charging and balancing processes are independent,
hence, the total time of operation is increased. A number
of studies have reported on a combination of the charging
and the equalization processes at the same time. In first-
life batteries, this operation combination is not necessary
since imbalances among batteries rarely occur. However, in
second-life batteries, the inconsistency of the battery cells
becomes more significant. Moreover, SL-BESS applica-
tions require another step called SOC adjustment during the
screening process, which is also essential for the purpose of
maintenance and shipping. For example, the SOC level of a
battery pack is required to be aligned to less than 30% SOC
level to ensure safety before shipping [8, 9].
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Generally, cells should be equalized before they are
charged or discharged to adjust the SOC level to the target
set point. Cell-balancing methods are classified into pas-
sive and active methods [10, 11]. The passive methods are
commonly used in industrial applications due to their low
cost, circuit compactness, and simple control [12]. However,
passive methods show a poor equalization performance in
SLB applications, where the individual cells can have huge
characteristic differences [13]. On the other hand, the active
balancing methods transfer energy between cells and can
be classified by the energy transfer elements. The switched-
inductor methods transfer energy between adjacent cells.

[14] or cell to cell by inductors [15]. However, bulky size
and low efficiency are their limitations. To reduce the vol-
ume of the equalizer, switched-capacitor equalizers are alter-
native candidates [16, 17]. However, the equalization cur-
rent is strongly dependent on the voltage difference between
cells, which reduces the equalization speed.

Therefore, converter-based methods are more desirable
for SL-BESSs due to their high equalization performance
and speed [18-20]. However, converter-based cell-balancing
methods are not suitable for calibration purposes due to their
non-optimized speed and lack of freedom in terms of the
target SOC. To optimize speed, a bi-directional equalizing
algorithm based on particle swarm optimization (PSO) is
introduced in [21]. However, the study does not address
its lack of a target SOC freedom feature. In addition, the
computation burden and total operation time become huge
when the number of series connections increases. Thus, their
practical feasibility is relatively limited.

To mitigate these issues, this study proposes a coordi-
nated operation algorithm to combine a pack-charger and a
cell-equalizer in the SOC adjustment process to minimize
the balancing time without resorting to an iterative calcula-
tions optimization algorithm. The circuit configuration and
overall control flow are introduced in Sect. 2. A theoretical
analysis of the calibration process is presented in Sect. 3
and verified in Sect. 4. Finally, some conclusions are made
in Sect. 5.

2 Proposed methods
2.1 System configuration

The architecture of a calibration system for a second-life bat-
tery pack is illustrated in Fig. 1, where the battery cells are
equalized by a uni-directional dc—dc converter that transfers
the charge from the battery pack to the cell. The voltages
of the cells are monitored by battery monitoring integrated
circuits (BMICs) and they are delivered to the MCU for
analyzing of the SOC level. Battery cells are alternatively
connected to the output of the converter through the switch
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Fig.2 Operation principle of the pack-charger and cell-equalizer

matrix by MCU decisions based on SOC information, while
the input port is connected to the whole pack.

Meanwhile, another bi-directional source, called a pack-
charger, charges or discharges the battery pack from the ac
line, which helps speed up the calibration process and adjust
the SOC level of the cells to the target set point. The pack-
charger supplies the battery pack with a constant positive or
negative current in accordance with the cell-equalizer opera-
tion. The operations of the pack-charger and the equalizer
are well-coordinated according to the proposed algorithm
as shown in Sect. 2.3

2.2 Operation principle

The co-operation of the pack-charger and the cell-equalizer
is illustrated in Fig. 2. The pack-charger directly charges/
discharges the whole battery pack with a constant current, I_.
It also plays the role of adjusting the SOC level of the whole
battery pack. By determining the available capacity of the
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whole pack, it is possible to calculate the amount of required
capacity to be charged or discharged.

Meanwhile, the cell-equalizer distributes energy from
the whole pack to individual cell to increase their SOC
level. For example, if Cell, has the lowest-SOC level, it is
re-charged first. The switches Sy, Syzs Spo, and Sgs are
turned on while the other switches are kept off. As a result,
Cell, is connected to the output of the cell-equalizer for an
equalization process. After the cell-equalizer is enabled, the
cells are discharged by a constant current, [, while Cell,
is re-charged by 1, ,;. The switching pattern is held during
the equalization time before the pattern is changed to con-
nect the other cells to the cell-equalizer. By repeating the
procedure for the cells one by one, the SOC difference is
equalized. Thus, the final cell-SOC levels are adjusted to the
target level. It can be observed that the equalization times for
each of the cells are different and are analyzed in Sect. 3.2.

2.3 Coordinated control algorithm

Without coordination between the pack-charger and the cell-
equalizer, the SOC adjustment could fail to meet the target,
which would lead to extra time and excessive energy loss
due to repeating the calibration. Instead, this study proposes
a coordinated operating algorithm for the cell-equalizer and
the pack-charger that can optimize the processing time by
executing the cell-balancing and pack charging or discharg-
ing process concurrently in a more cooperative way.

A flowchart of the coordinated operation algorithm is
illustrated in Fig. 3. First, the voltages of the cells are meas-
ured, and the initial SOCs of cells are estimated by apply-
ing the OCV-SOC curve in Fig. 4. In the second step, the
SOC levels are sorted in ascending order and the cells are
connected to the output of the cell-equalizer in that order.
In the third step, the operating times for each of the cells
are obtained by charge transfer calculations. Finally, the
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Fig.3 Flowchart of the coordinated operation algorithm
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Fig.4 OCV-SOC relationship used in this study

switching patterns are decided. Therefore, only n process
steps are required to calibrate the battery pack, where n is the
total number of cells in the pack. The pack-charger supplies
a positive constant current to the pack if the target SOC level
is higher than the initial average SOC, or it sinks.

draws a constant current from the pack if the target SOC
is lower than the initial average SOC. The process is ter-
minated after the equalization steps end.

3 Theoretical analysis
3.1 State of charge of battery cells
Assuming that every cell has an available capacity Q, ;

and the coulombic efficiency is 1, the remaining capacity
of a battery cell is defined as

t
0:(1) = SOC(1y) Q4 ; +/ I(t)dr. (1)
Ty
The SOC of a battery cell is expressed through (1) as
t
SOC,(1) = SOC (1) + —— / I(v)dr. @
Oai Jy,

3.2 Charge transfer calculation

In each step of the calibration process, the cell-equalizer
provides a constant current to an individual cell to increase
its capacity and to balance the SOC difference. If the cell-
balancing current, I,,,, which is defined by the output
current of the cell-equalizer, is uni-polar and constant as
shown in Fig. 5, the pack current, IP, is determined by
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where v, is the voltage of the ith cell, v, is the voltage of
the battery pack, and 7 is the efficiency of the cell-equalizer.
By assuming that the pack-charger current, /_, is bi-polar and
constant while passing through n cells of a battery pack, the
actual current flowing through the ith cell, /;, is given by

Ii = Ibal - Ip + Ic' (4‘)

On the other hand, the operating currents of the remain-
ing cells are calculated by

Li=.=l_=L,=.==-,+1. (5)
Note that /. can be positive or negative depending on the
preset target. For the safety of the battery, the cell current
should be lower than the maximum allowable current level
in the datasheet.
The remaining capacity for each of the cells can be
expressed as follows:

0, = SOC{(I)QA_i (6)

where SOC, is the individual SOC level of the ith cell. Since
the initial SOC level of the ith cell can be estimated using
OCYV; information

SOC(ty) = f(OCV)), (7
the SOC level of the cells after ¢, is given by

Ii(t; — 1)
SOC(t;) = SOC,(ty) + ———. (8)
OF
Under ideal conditions when no energy loss effect occurs,
the SOC level after equalization is the average of the ini-
tial SOC levels. The initial average SOC level of the cells,

SOCinit_avgs is given by
" SOC (1)
SOC,,;, ag = 2,_1—0 ©
B n
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Meanwhile, considering the efficiency of the cell-equal-
izer, the equivalent SOC loss is estimated by

1 nov;
<_ - 1) Z': _XIbalttolal
soc, = i (10)

vpack QA?avg

where Q, ,,, is the average available capacity of the cells,
and 1,,; is the sum of the processing time of every step.

ol = D 1 (11)
i=1

Since the pack-charger compensates the SOC loss and

steers the SOC level to the target SOC value SOC,,,,, the

processing time of the pack-charger, 7, is expressed as
(SOCtarg - SOCiniz‘ avg + SOCL)QA i

f = - - (12)

c

where a negative ¢, reverses the polarity of /..

In every time step, only one cell is charged by the cell-
equalizer (1,,;). Meanwhile, the other cells are discharged
by 1,. The pack-charger current, /,, also regulates the SOC
levels of the cells. Hence, the capacity change from the ini-
tial SOC level to the target SOC level for the 1st cell after
the overall processing time is calculated by

Uy = L)ty = Lty — .. = Lt + 11,

= (SOC,,,, = SOC,(1x))0; ;.- (42

Likewise, the capacity change for the ith cell is given by
=Lty = ot Ly — Lt — o = L1, + 11,

= [SOC,,, — SOCH1)10, ;- (14

At this stage, it is only necessary to solve (14) to obtain
the optimal step time ¢, for each cell and pack-charger.

3.3 Processing time calculation

Some of the solutions of (14) result in negative values,
which have no meaning in a practical sense. Hence, a con-
straint £;>0 must be imposed to guarantee the existence of
feasible solutions. Under this constraint, the calculation is
given as follows.

First, from (11) and (14), (15) is derived as

=L+ .+ )+ L+ Lyt
= _Ipttotal + Ictc + Ibalti = [SOCtarg - SOCi(IO)]QAJ'
15)

Then, using (12) to replace I ., the change of the charge
in the ith cell is re-arranged from (15) to
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Iballi - Iptt

otal

- [SOC

= [SOC,,,, — SOC(1,)1Q, ;

(16)
S Ocinit_avg + SOCL]QA_avg

targ —

where t,,,, is already defined in (11). Hence, the processing
time, #;, is expressed as

o [SOC,,, — SOC(1x)10, ;

l

Ibal

17
_ [SOClarg - SOCinit_avg + SOCL]QA_avg - Ipttolal a7

Ibal

Since the initial SOCs of the cells are known and in order,
the operation time for each step is ¢, >¢,>... > ¢, as shown
in Fig. 6, where the calculated processing time for each step
is shown as an example. The negative values after the 16th
step represent the fact that the balancing current of the cell-
equalizer needs to be reversed as shown in Fig. 6a. However,
the uni-directional cell-equalizer adopted in this paper does not
provide a negative current. Instead, a time offset is introduced.
In other words, the processing times are increased by the value
of t,, which nullifies f,. Since ¢, is designed as zero, the indi-
vidual processing times, ¢; (i=1, 2, ..., n) are non-negative.
Thus, 7, is calculated as

_[S0C,,,, ~ SOC, )10, ,

t, 7
bal (18)
[SOCtarg - SOCiniLavg + SOCL]QAfavg - ]pttotal
Ihal
By equating 1, =0, #,,,; is expressed as
[SOCtarg - SOCinil_avg + SOCL] QA_avg
ttatul = Ji
| (19)
[SOC\pe — SOC,(1)]0Q4
1, '

From (3), (17), and (19), the processing time of the ith
cell is finally derived as

_ [S0C,,,;, = SOC(1)1Q, ;

t.

i
I bal

_ [SOC g = SOC, (110, e

1 bal

In general, it is a challenge to monitor the individual
capacities of cells since they are operated under the same
conditions. Instead, every cell has the same available capac-
ity. Thus, with (3) and (10), ¢,,,,, is re-arranged by cell volt-
ages and [, as
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Fig.6 Processing times for individual cells: a before an offset; b after
an offset

[SOCn(t()) - SOCinitﬁavg]vpackQAfn
- .
1 Vi Yi
(UM

The processing time of the ith cell is finally derived as

ttolal =

2y

. [SOC,(t)) — SOC;(#))10

i

22
1 bal ( )

Therefore, n sequential schedule chargings of the indi-
vidual cells achieve SOC adjustment to the target point
according to (22).
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4 Performance verification
4.1 Test setups

To verify the proposed method, simulation tests were car-
ried out in PSIM for a Li-ion battery string consisting of 20
series-connection (18,650-3.6 V/2.9Ah). The cell-equalizer
in the test is an output current-controlled flyback converter
that has an efficiency of around 80% during operation and
can handle power up to 12.5 W (5 V/2.5A). In PSIM, the
equalizer is modeled by a uni-polar constant current source,
and the pack-charger is replaced by a bipolar.

constant current source. The cell-balancing current, the
input current of the cell-equalizer, and the pack charging
current are listed in Table 1, where the tests are performed
for three SOC targets.

e Target #1: The SOC level is reduced to 25% for the pur-
pose of shipping.

e Target #2: All of the cells are equalized at the medium
SOC level (45%) for maintenance.

e Target #3: The battery pack is adjusted to 60% SOC for
almost full charging.

The initial SOC levels of the cells are configured ran-
domly from 30 to 60%, as shown in Fig. 7 and as summa-
rized in Table 2. After the initial SOC levels of the cells are
estimated, the SOC levels of the 20 battery cells are sorted
in ascending order, and the cell-equalizer is connected to
cells based on their order. The performance of the proposed
method is compared with the traditional method, which was
called the equalize-min-cell method in [20]. In the tradi-
tional method, the lowest voltage cell is equalized first, and
the min-cell role is dynamically changed due to the change
of the SOC level. During the operation, the cell voltage is
traced every 15 s. The lowest voltages are detected, and the
switching pattern is changed based on the voltage of the cells
until the voltage difference between the cells is less than
15 mV. For a fair comparison with the proposed method,
after the cells are equalized, the equalized voltages are

Table 1 System Configuration

Target #1 Target #2 Target #3
SOC target 25% 45% 60%
Configuration 20S1P (18,650—
3.6 V/2.9Ah)
I 0.53A
Iia 1.3A
I 0.1A

P
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Fig. 7 Initial status of cells: a initial SOCs; b initial voltages

measured and the SOC levels are estimated again. After that,
the charging process time is calculated, and the battery pack
is charged (or discharged) to achieve the target SOC level.

Experiments were also carrier out to further verify the
performance of the proposed method as shown in Fig. 8.
The battery parameters of the cells are similar to those of
the simulation. The battery voltages are logged by a Hioki
LR8402-20 and plotted by MATLAB. A Kernel BTU-1601
bi-directional power supply is used as the pack-charger, and
a uni-directional output current-controlled flyback converter
serves as the cell-equalizer. Two BMIC circuits are used to
monitor the cell voltages.
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average SOC level (44% SOC). The 9% SOC loss is the
result of unnecessary switching during the equalization pro-
cess. It goes without saying that the equalization process has
no freedom in the SOC set point.

The performance of the proposed algorithm is further
assessed by comparing it to the traditional method. The
final SOC and voltage of individual cells are summarized
in Table 2, which shows a good equalization performance
for both methods. The cells are equalized to within a 3%
SOC difference and a 14 mV voltage difference as shown
in Figs. 12 and 13. Figure 12 shows voltage profiles of the
traditional method with an additional charging process for a
fair comparison. Meanwhile, Fig. 13 demonstrates voltage
profiles of the proposed method. The voltage profiles of the
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cells distinguish the control strategies of the traditional and
the proposed methods. While the traditional method alterna-
tively changes the switching pattern every 15 s and requires
0.5 h—1.5 h for the additional charging process, the proposed
method only changes the switching pattern 19 times and only
requires 6.5 h for all of the processes. Hence, the proposed
method is less sensitive to battery impedance differences and
false voltage measurements in the BMIC due to the polariza-
tion effect.

Although the voltage difference after the equalization
of the traditional method is slightly lower than that of the
proposed method, the high energy loss and long operation
duration are the fundamental drawbacks of the traditional
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Fig. 12 Experimental results without the coordinated method—volt-
age profiles of the cells: a target #1; b target #2; c target #3
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Fig. 13 Experimental results with the coordinated method—voltage
profiles of the cells: a target #1; b target #2; ¢ target #3

method. On the other hand, Fig. 14 and Fig. 15 show the
final SOC levels of both methods in 3 test scenarios, respec-
tively. Comparing the results, both methods can reach the
target SOC and achieve balance. Although both achieve the
target SOC level, the traditional method cannot predict the
processing time. Meanwhile, the proposed method can pre-
dict the processing time, and optimize it.

However, it should be noted that it is difficult to directly
compare the two methods using only the final voltage devia-
tion because of the fundamental difference in the operating
principles for the two methods. The traditional method is
only designed for voltage equalization, not for target SOC
adjustment. It is driven by voltage level information and does
not utilize SOC information. However, the proposed method
is operated by a charge transfer calculation to achieve the
target SOC, and utilizes the SOC estimation of each cell.
Thus, the operation performance is heavily dependent on
the SOC estimation accuracy, which is the reason why the
proposed method shows a slightly larger voltage deviation.
Since a simple OCV-SOC lookup table is adopted in this
paper, most of the errors are caused by the SOC estimation.
The other factors that could affect the final deviation are the

@ Springer
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Fig. 14 Experimental results of the traditional method—SOC profiles of the cells: a target #1; b target #2; c target #3
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Fig. 15 Experimental results of the proposed method—SOC profiles of the cells: a target #1; b target #2; ¢ target #3

many assumptions made during the calculation, such as the
nominal capacity, cell-equalizer power efficiency, non-unity
coulomb efficiency, etc.

5 Conclusion

In this study, the operation of a cell-equalizer and a pack-
charger are coordinated for second-life battery maintenance
and shipping. The proposed method can equalize and adjust
the SOC level of the cells to an arbitrary target level. Test
results show that the cells are equalized to within a 3% SOC
difference, while the SOC levels reach the target level with
a 2% tolerance. Individual processing times and switching
patterns are calculated by successive calculations, which
makes the proposed method easy to implement with a low-
cost MCU due to the low computational burden. Charge
transfer calculations provides optimal switching patterns to
eliminate unnecessary switching patterns and to reduce the
power loss in the circuit. In addition, the proposed method
saves 20% of the total processing time when compared to the
traditional non-coordinated method.

@ Springer
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1. INTRODUCTION
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UNIVERSITY OF ULSAN

Milion

% Opportunities for Second-life Battery

» The vehicle is gradually electrified due to the demand for emission reduction.

> Since 80% of available capacity is remaining after retirement, it can be re-utilized

for other purposes.

» Such a repurposed battery is called “second-life battery.”

Global electric vehicle stock by region (left) and transport mode (right), 2010-2020
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1. INTRODUCTION

I SSeE
“ Two approaches for re-utilization:

. more energy-efficient, but the labor cost offsets its practical
feasibility.

» By modules (direct use): more promising because it reduces the efforts of
classification significantly, and thus more cost-effective.

Material - ’ Battery
Extraction Fabriﬁtion ‘ .

Natural

Source
= batteries Small
@ 2 life  patteries N ; £V
nd “fﬁ eoyein Fabrication
20.47% @ /
] @ EV 1% life
70.19% Remanufacture
By Modules
(Direct use)
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1. INTRODUCTION

% Why is the SOC Alignment is needed for the second-life battery applications?

][t

UNIVERSITY OF ULSAN

» A calibration process is essential for maintenance and shipping.

= The SOC level must be aligned to less than 30% before shipping for safety.

» The SOC level needs to be set to arbitrary level for the convenience of

maintenance.

Battery Calibrater

SOC < 30%
For Delivery

SOC = Target level
For Battery Maintenance

*Huo, Haibo, et al. "Safety requirements for transportation of lithium batteries.” Energies 10.6 (2017): 793.

*Ahmadi, Leila, et al. "Environmental feasibility of re-use of electric vehicle batteries." Sustainable Energy Technologies and Assessments 6 (2014). 64-74.
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2. EXISTING STUDIES ()

(1] i
% Equalize-Min-Cell* method
» QOperation principle -l —
= Uni-directional converter (Cell-equalizer) distributes L@ <E|MT’ ) 1
the energy of the whole battery pack to the Cataszer | T
individual cells. (Input: battery pack/ Output: cells & CEL__2=%
switch-matrix) MCU oo :WM;na.
= The equalizer transfers the energy from the whole L T /g._
pack to the lowest voltage cell. j . ~
> Weakness: ~ e e o
= No freedom of SOC set point

= Switch-matrix operation is not optimized (leading

Topology of the traditional

to high energy loss) equalization method.

*Kim, Chol-Ho, et al. "Individual charge equalization converter with parallel primary winding of transformer for series connected lithium-ion battery

strings in an HEV." Journal of power electronics 9.3 (2009): 472-480.
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2. EXISTING STUDIES (ll)

][t

“PSO (Particle Swarm Optimization)**

» Operation principle

Bi-directional converter is placed between pack and cells.

PSO algorithm reduces the number of time steps and optimizes the equalization time.

» Weakness: No freedom of SOC set point / Large computational burden (not suitable for
embedded system)

Initial SoCs

Equalization Time Final SoCs

1 | pso  — i | ;

algorithm | = |

Equalier B A TRV AT
- .
N
|:| |:| |:| I] X(t+1) update - Pbest »] Bestsolution
|:| |:| |:| [| T V(t+1) update “| Gbest output
: . e . Best solution of
Particle Fitness Equalization time & Global & individual equalization time &
Initialization computing charged variation optimal results charge variation
update
Charge of values
update

Flow charge of PSO equalization algorithm

**Sun, Jinlei, et al. "Development of an optimized algorithm for bidirectional equalization in lithium-ion batteries." Journal of Power
Electronics 15.3 (2015): 775-785.
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3. PROPOSED METHOD

INIVERSITY OF ULSAN

+Key concept

» Coordinate operation between pack-charger : ! |
¢ p
and cell-equalizer ceL it | T
| —_~—
» Pack-charger charges/discharges  pack T|
Pack- f lpal -
energy. charger |lag— CELL.2 (En
= Cell-equalizer distributes the pack energy |+ 5 H e
= .
to individual cells through switch-matrix. RS T : equalizer |
» Advantages: : e
= Arbitrary target SOC level can be + o
CELL_n
achieved. - SOC set point freedom l' I =

= The total processing time can be

optimized. - optimal switching (low Key concept of proposed methoa

power loss)
» Only n* calculation for steps are required.

> low computational burden n*: total number of cells
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3. PROPOSED METHOD
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“ Basic building blocks

» BMIC monitors the cell voltages.

> MCU estimates the cell SOCs based Awne@z pack-

—‘I.CrnlLboratry KIPE

on battery voltages and decides the
switching patterns.

A uni-directional converter and a
switch-matrix equalize the battery
cells.

A pack-charger charge/discharges
the whole battery pack to adjust
SOC levels.
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Control §
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Sws f
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Srs P
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decide the direction of the current

3. PROPOSED METHOD

\X;
][t
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< Algorithm flowchart (I)

» @O SOCs are estimated by

Start
OCV-SOC look-up table.
» @ SOC levels are sorted in | - il vl

ascending order.

. . §:§ @u.u.l.i.u.u.u-
» (@ Operating times for each : \ :

°| Determine initial |3

S0¢;

cell are obtained by charge

transfer calculation. : @....“L.....
\

. . ; E Find the SOC,,, E Set I, negative and
%| and arrange cell by |2 start equalize the i*
» @ Switching patterns are | e sl by | art cquae
decided. S N :

Caleulate processing time: t, for |2
pack-charger and time of
qualization for each cell, t;.

Set I, positive and
start equalize the i
cdl during

SOC_targ<SOC_avg?

Flowchart of the coordinated operation
T TR a/g ol /thm
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4. THEORETICAL ANALYSIS

% Charge Transfer Calculation oy, Cell-equalizer iy

> Let the cell balancing current, |, (defined by the

output current of the cell-equalizer) is uni-polar
and constant, the pack current, 1, is determined

b Efficiency n
y | = Vi-lpa
p
77'Vpack I
where ; is the voltage of the i" cell, vy, is the Pack- | RN
voltage of the pack and 5 is the efficiency of the charger == CELLL
cell-equalizer. ;
» Besides, assume the pack-charger current, I is bi- Iy
polar and constant. When the switch-matrix is | —
connected to the i cell, actual current flowing +) ;CELU Cell-cqualizer
through it cell is given by |¥ .
» On the contrary, the actual current flowing L2
through other disconnected cells are given by 71_
==l =l ==l =1+,

11
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4. THEORETICAL ANALYSIS
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% Charge Transfer Calculation for pack-charger processing time (t.)

> SOC level of the cells after t; 100
I (t —t ¢ f
SOC, (t,) =SOC. (t,) + M 80| oo
nom 70 - | t-a|-fg
> Initial average SOC level of the cell {30‘31(‘1) Sl 1 SOCinit_aug
n SOCy(to)- - o 56
ZSOCI (to) 3 40 -
S()Cinit avg == 30T
- n 2|
» Equivalent SOC loss 0}
(1 JiVII t ’ 1234567 8 91011121314151617181920
n " bal “total Order (i ,)
soc - =En " " N /
) Vpacanom Processing time 5 2 ts 'fc'k;
In the End -
> Processing time of pack-charger, t, 0 Tour P TiMe
_ (SOCtarg — SOCinit_avg + SOCL)Q

t om 1(10) > Negative £, reverses the polarity of /..

E€L0 “ T
“UT gy conrs E' RI2AAR1IK+GE
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3. PROPOSED METHOD

uLsan

“*Charge Transfer Calculation for cell-equalizer processing time (t;)
» Capacity change for the it" cell

=t =y = TG == L+ 1L

p
= (SOCtarg o SOCI (to ))Qnom

> By introducing total processing time, low = let

Equation (12) is re-arranged as E | @

a1 b = | E——

(SOC,;; _avg SOC;(t,) —SOC,)Qu, Flowchart of the coordinated operation
o . ] algorithm.

> Individual processing time

t — (SOCInIt _avg o SOC (t ) SOC )Qnom + I ttotal

i | where i=1,2,...,n (18)

bal
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4. THEORETICAL ANALYSIS

+ Calculation
» Sometimes, the solution of (18) can be » By equating t =0

][t

UNIVERSITY OF ULSAN

negative, so it should be avoided. (SOC_ —SOC (t)-SOC)Q +1t

init _ avg p total

» Because t; >t, >... >t,, if t, is designed " I

bal

as zero, it ensures that individual % Then the total processing time is

processing times, t; (i=1,2,....n) are non- calculated as
negative. t — (SOCmax (to) o SC)Cinit_avg )Qnomvpack (21)
total V I
i " bal
11— T T T
0.9
0.8
_ _ 0.7
-0. -l
offset::
] -0.4 - 0
; B
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4. THEORETICAL ANALYSIS

“*Individual Operating Time Calculation

> Finally, base on t,,, the individual operating
time of cells - non-iterative and simple

calculation
( . (SOC._. g —S0C, (t)NQ
| Ibal
9 . (805, (t) = SOCisi_aig)¥iQuon
{20 Vpack bal

wherei=1,2,...,n-1

» Eventually, individual processing time of all

cells are derived, and the switching patterns
are decided.

€40
it Energy Conversion m :::'_: N* Eq K‘I Nl'tl'
Circuil Labaratory = o h _l h _l

KIPE

-

\&
St
t t t t
Processing time ; : : oy ‘
.
In the End -c

Initial voltage
0OCVs
measurement

Determine initial
S0

v

Find the SOC,,,
and arrange cell by
SOC level

v

-

Calculate processing time: t, for®
pack-charger and time of :
qualization for each cell, t;. 1

Set I negative and
start equalize the i
cell during &

.
Set I positive and :
start equalize the i"| =
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5. VERIFICATION RESULTS AND DISCUSSION

“Test setups: Initial status of the cells
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The initial SOC levels of cells are randomly set between 30% and 60%.

» The initial voltage of cells are shown in the table below.

m 77 B e e T B P A s e e e A s e e s s

90 -

80

0
60

9
o S0t
=)
v 40 F

30t

0f

10}

0

12345678 910011121314151617181920 12345678 091001121314151617181920
Cell no. Cell no.
oys oge
Initial SOCs Initial voltages

The initial SOC and voltage values

cell no.

SOCis (%) | 47 32 48 34 36 54 37 30 39 41 56 43 60 44 46 49 50 33 52 58

Vinie (V) 3.67 3.57 3.68 3.58 3.59 3.74 3.60 3.56 3.61 3.62 3.76 3.64 3.80 3.64 3.66 3.69 3.70 3.58 3.72 3.78
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5. VERIFICATION RESULTS AND DISCUSSION
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% Simulation data for comparison: Base on the initial setup
» The simulation is implemented on PSIM in 3 targets: 25%, 45%, and 60%.
» In all tests, the SOC level and battery voltage are equalized within 3% SOC difference

and achieved the final targets.

Cell 01
Cell 02
Cell 03
Cell 04]
Cell 05
Cell 06!
Cell 07
Cell 08
Cell 09
Cell 10
Cell 11
Cell 12
Cell 13
Cell 14
Cell 15
Cell 16
Cell 17
Cell 18
Cell 19
Cell 20

larget #1 — 25%

larget #2 — 45%

larget #3 — 60%

Time (s) Time (s)

a3 & o “ .
%?*Tfm’?w ﬁé 01 7EE_=II7E7(I-'L'S_I-|§| 7/8/2021
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5. VERIFICATION RESULTS AND DISCUSSION

2
(AR,
“*Experimental Setups

> 20 series-connected battery cells (18650-3.6V/ 2.9Ah).

Battery voltages are logged by Hioki LR8402-20 and plotted by Matlab. A bi-
directional converter is used as the pack-charger.

» For conventional Equalize-Min-Cell method is implemented just for equalization.

After equalization was achieved, the pack-charger is activated to achieve the

same SOC target set point for a fair comparison with the proposed method.

System configuration e 1 ‘
Target #1 Target #2 Target #3 S
Configuration 20S1P (18650-3.6V/2.9Ah)
SOC target 25% 45% 60% TyA, Ikt *?“ e Bi-directional
I 0.53A | ey converter
» 1.3A T T .
I, 0.1A o

Kernel BTU-1601 - Pack-charger

Experiment setups
E€L5
1 ‘}Fe.rgv Conversion

Wy
Circuil Labaratory I‘,J =] OIK_C: NI KI't—l'lgl
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5. VERIFICATION RESULTS AND DISCUSSION

< Experimental Results - Target #1: achieved 25% SOC

» The cells are equalized within 3% of SOC difference and the final voltage is under

][t
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20mV difference. However, the processing time of proposed method is faster by 1.5hours.

3950 T 3526 T 3950 T 3542 N

3900 ’ 3524 ] 3900 HE. 3540 Fexiddol;
~ 3850 3522 3850 zzzmmsmssesmmmospmomomeoe oo e . TR L - —
Z 3800 Z 3520 29 Z 3500 3536 N e
33750 S 3518 B g D A A L 33534 = 13mV s pp et
£3700 o B s - 250mV 3532 o Rt
s = 3516 = 3700 =
= 3650 N - S 3530 ok
2 > 3650 > 3528

3550 3600 3526

3500 3510 3 3550 | 3524 - - - -

0 10 15 20 25 30 35 40 45 50 55 60,565 2.98% 2.9845 2.985 2.9855 2.986 2.9865 2.987 2.9875 27988 ONS 10 15 20 25 30 35 40 45 50 55 6065 2.5 2.515 2.516 2.517 2.518 2.519 52
Time (s) Time (s) Time (s) “10*

1 ‘ P
0051152253 Sii;eft(.s)s 556 657758 32000 05 1 15 2 25 3 35 4 45 5 55 6 65 7
. - ., Time(n)
Voltage Profile of traditional method Voltage Profile of proposed method
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90 90
80 - 80 -
70 - 70

S 60t g o

o S0r o 50

§ 40 - 8 40
30 30
20 4 20 F 4

0

0 12345678 91011121314151617181920 12345678 91011121314151617181920

Cell no.

Final SOC of trg?j"io’tional method Final SOC of iroiosed method

EEL 0, “ AEF
P T o o St RI2IRIALS

_l ?;m?g;r;ﬁ m E E I —I I —Igl 7/8/2021
THE KORE.

AN INSTITUTE OF POWER ELECTRONICS



5. VERIFICATION RESULTS AND DISCUSSION
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% Experimental Results - Target #2: achieved 45% SOC

» The cells are equalized within 3% of SOC difference and the final voltage is under

20mV difference. However, the processmg time of proposed method is faster by 1 5hours

3950 3658 3950 o ioa 3668
3900 : § - ML A M. AJMMMJ 3900 ‘ &L giad
93850 ”””””””””” F.o.ofoo IS < 3850 wnmnrmnmmw NIRRT M WS AT MY
53300 E 3800 L g LR TN T T T " Ar)
P 254mV - % OmV
= 3650 — % 3700 CEQ TR E T TWE CR e Tt T A
2 3600 BT = 3650
3550 3600 =
35000 5 10 15 20 25 30 35 40 45 50 55 6065 29 2.9865 2.987 2.9875 35500 5 10 15 20 25 30 35 40 45 50 55 6065 2517 2518 25‘19 .52
Time (s) Time (s) Time (s) Time (s) 10t
200 A 4300
3400 oL
0051 1.52253354455556657758 005 1 1.5 2 253 354 455 55 6 65 7
Time (h) Time (h)
Voltage Profile of traditional method Voltage Profile of proposed method
100 100 —————————————
90 90
80 80
70 70
;\: 60 g 60
g s o 5o
2 ol 2 %
30 30
20 20
10 10
! 1234567 891011121314151617181920 12345678 91011121314151617181920
Cell no. Cell no.
Final SOC of traditional method Final SOC of proposed method
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5. VERIFICATION RESULTS AND DISCUSSION
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< Experimental Results - Target #3: achieved 60% SOC

» The cells are equalized within 3% of SOC difference and the final voltage is under

20mV difference. However, the processing time of proposed method is faster by 2.3hours.

3950 7] 3834 : . . . . . q 3950 o 3838
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T 53828
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6. CONCLUSION
. SOHS
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% In this paper, a cell-equalizer and pack-charger are cooperated to obtain the following
merits which make it useful for second-life battery maintenance and shipping.
> The proposed method can equalize and adjust the SOC level of the cells to an
arbitrary target level.

» The test results show that the cells are equalized within 3% of SOC difference and

the SOC levels reach the target level with 2% tolerance.

»Individual processing times and switching patterns are calculated by successive
calculations and thus it is easy to be implemented by low-cost MCU due to low
computational burden.

»Charge transfer calculation provides optimal switching patterns to eliminate the
unnecessary switching pattens and reduces power loss in the circuit.

»Besides, the proposed method can save the total processing time when compared

to the traditional non-coordinated method.
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