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Abstract
This paper analyzes the system-level state of health (SOH) and its dependence on the SOHs of the battery
modules within the battery system. Due to the stochastic nature of battery aging processes and their dependance on
charge/discharge, depth, temperature, and environment conditions, prior or long-term prediction of each module’s
SOH is difficult. Based on estimated SOHs of battery modules during battery operation, we demonstrate how
the SOH of the entire system decays when battery modules age and become increasingly diversified in their
maximum ampere-hour capacities. System-level energy efficiency is analyzed. It is shown that by using battery
reconfiguration after a length of service, the overall battery usable capacities can be utilized more efficiently,
leading to extended operational ranges of the battery system. Analysis methods and simulation studies are

presented.

I. INTRODUCTION

New generations of military ground vehicles de-
pend increasingly on battery systems in powering their
movements, equipment, and operations. Consequently,
reliability, efficiency, and health of battery systems
are of critical importance for military operations. Due
to unpredictable chemical processes, dependance on
charge/discharge rate and depth, temperature, and en-
vironment conditions, the aging processes of battery
modules are stochastic and difficult to predict, either
prior to their deployment or over a long horizon during
operation. While passenger cars experience loss of
battery capacities over time, military vehicles encounter
far more harsh environmental conditions, demand faster
charging time, and endure deeper discharge depth for
sustained operating ranges. All these factors impose
more stress on battery modules and imply faster and
more uneven aging processes than civil applications.
As a result, to ensure endurance of battery systems in
their military deployment, it is critically important that
battery systems remain operational even with reduced
and increasingly uneven battery capacities.
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This paper analyzes the system-level state of health
(SOH) and its relationship to the SOHs of its bat-
tery modules. Typical large-scale battery systems in
ground vehicles consist of battery modules that are
interconnected by serial connection to increase volt-
age and parallel connection to increase ampere-hour
(Ah) capacity. Such networking structures introduce a
physical relationship between battery modules’ SOHs
and the SOH of the entire battery system. Battery
aging processes are random and depend significantly
on charge/discharge rate and depth and their operational
environment conditions. When SOHs of battery mod-
ules decay, the SOH of the entire system is reduced
accordingly.

Battery aging has been extensively studied at cell
levels, including their basic mechanism [1], SOH esti-
mation [2], cycle depths that affect aging processes [3],
and temperature effects [4]. Battery aging models have
been introduced to facilitate real-time SOH prediction
[5]. The typical features of the aging process have been
observed as slow aging first, followed by accelerated
loss of capacity, then rapid aging after a certain knee
point [6], [7]. Typical battery aging models have been
proposed [8], [9]. In our recent work, data-based aging
analysis [10], online SOH estimation [11], and SOH-
based charging process [12] have been investigated.
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This paper starts with a description of the battery sys-
tems in consideration in Section II. Section III presents
an analysis of system-level battery efficiency. Under
uneven battery capacities, we introduce the notation
of total usable energy, maximum operational energy,
and energy efficiency. By taking into consideration of
uneven states of charge (SOC) of battery modules,
the energy efficiency is further reduced. Section IV
investigates the impact of battery aging on the system-
level SOH. Battery regrouping methods and optimal
strategies are introduced in Section V. The efficiency
improvement by regrouping is proposed and its impact
examined. The battery regrouping methods are evalu-
ated by using case studies in Section VI. Finally, some
closing remarks are given in Section VII.

II. BATTERY SYSTEMS

The illustrative scheme of the battery system studied
in this paper is shown in Fig. 1. To facilitate a clarified
study on the main issues, we impose some simplifica-
tions on battery modules.
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Fig. 1. System structure of a battery system.

1) In this paper, we consider n battery modules
that are grouped into m strings. Each string has
n; modules, ¢ = 1,...,m, with n = >" n,.
Suppose that when they are new, the battery
modules have nearly uniform rated maximum
capacity Qmax.- We do not distinguish variations
of the actual capacities between charge and dis-
charge, ignore dependence of the capacity on the

temperature, charge/discharge rate, and omit its
change as a function of the battery SOC.

Since we focus on SOH analysis, it is assumed
that all battery modules have rated voltage V.
The n; modules in the ith string are serially
connected whose terminal voltage V;; is then
converted to the rated bus voltage Vp of the
battery system via a bi-directional DC-DC con-
verter. The converter also serves as the controller
for charge/discharge current ;. The m DC-
DC converters allow flexible grouping of battery
modules with variable numbers in each string.
The power loss of the convertors is ignored.
Consequently, the bus-side current [; and the
string-side current [; are related by

Iyy=—1L,i=1,...,m,
bi W)il

and the total battery current [ is

m m V
bi
I= ZI = Z@Ibi.
=1 i=1
2) Within the ith string, there are n; modules. For

clarity of analysis, we first ignore the small devia-
tions in open-circuit voltage (OCV) of the battery
modules and assume the uniform OCV V.. for all
modules. As a result,

Vbi = nivom

which implies that
Voe v
I=— Ty
Vs ;nz bi

III. SYSTEM-LEVEL CAPACITY EFFICIENCY
A. Capacity Efficiency

Consider the ith string that consists of n; mod-
ules. In our analysis that involves the SOC limits on
charge/discharge processes, we use the permitted SOC
of a battery module as its operational range that will be
labeled as [Smin, Smax].!

'The permitted SOC range is smaller than a battery’s chemical
SOC range and is often determined by the terminal voltage limits of
the battery protection circuits that safeguard the battery from over-
charging and over-discharging. It is a common practice to normalize
the range so that Smin = 0 and Smax = 1.
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Let the SOCs of the battery modules at time ¢ of a
discharge operation be denoted by

Si(t)
S(t) = :
S'fli, (t)
We shall first consider an ideal scenario in which one
starts with a uniformly and fully charged string, namely
S(0) = [1,...,1]T. The negative impact of disparity in
the initial SOCs will be shown later.

Suppose that after k& charge/discharge cycles, the
battery modules’ capacities Q;'. (Ah), j =1,...,n,, are
ordered by their current capacities

Q1(k) < Qy(k) < --- <@y, (k).
We emphasize that due to randomness and uneven aging
processes, this ordering changes with k.

If the battery system is discharged at a constant rate
I = Iy (A), since Q% = Q' . is the smallest capacity
of the string, the discharge must stop when Module 1
reaches Spin, resulting in the maximum discharge time
for the whole string as

g — Qzl (Smax - Smin)

T (hour).
Iy
It follows that
Smin
. Srnax - Smax - Smin ¢ QZ
5% — (S Siin) 21/ @
Smax - (Smax - Smln)Qzl/ngZ1

Consequently, the total discharged energy is
1iVocloT" = 1iVoe(Smax — Smin)@ Wh. (1)

On the other hand, the total usable energy, if all stored
electricity in the modules is fully utilized, is

Z Q;(Smax - Smin)‘/oc-
j=1

The system-level energy efficiency n; of this string is
defined as
niv;)c(Smax -

Smin Ql
S )Q1
Z Q;‘(Smax - Smin)‘/oc
j=1
Qi
>
7j=1

i

min

Q

where Q7 . = @} is the minimum capacity and Qi
n% Z?;l Q;'- is the average capacity.

Example 3.1: For an illustration, consider a battery
system of 16 modules, that are divided into 4 strings
with 4 modules in each string. All modules have the
same rated terminal voltage 12 (V) and maximum
capacity Q = 50 (Ah) when they are new. The battery
system terminal rated voltage is 48 (V) and system-
level rated capacity 200 (Ah). This amounts to a battery
system of rated energy capacity 9.6 (KWh) when it is
new. For safety, the SOC range is limited to [0.3, 0.85],
namely Spin = 0.3 and Spax = 0.85.

Suppose that after battery aging, the 16 modules have
randomly reduced and more diverse capacities. Table I
lists capacity values and the energy efficiencies of the
strings.

TABLE 1
BATTERY CAPACITIES (AH) AFTER DEGRADATION AND
MAXIMUM ENERGY EFFICIENCY

[Swing [ @1 [ @ | @3 | Qs [Quin | Q@ [ n |
1 46 38 49 40 38 43.25 0.879
2 40.2 | 455 | 47.1 | 442 | 40.2 44.25 0.908
3 35.8 | 43.2 | 39.7 | 46.9 35.8 41.4 0.865
4 375 | 38.6 | 43.5 | 473 37.5 41.725 0.899

B. Impact of SOC Management on Energy Efficiency

During battery operation, the SOCs of the battery
modules become unequal. This SOC disparity reduces
energy efficiency. To quantify this impact, suppose that
at the starting time ¢ = 0 of discharge the SOCs are

51(0)
5(0) = :
Sn.(0)
The maximum discharge time for the jth module, if
operated alone, is

i Q(S5(0) — Suin)

J Iy :
Since discharge must stop when one module reaches its
lower limit, the string discharge time is

SOH-based Battery Reconfiguration..., Wang, et al.
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It follows that the total discharged energy is reduced
from (1) to

niVoeIloT" = niVoe min  Q5(5;(0) —

7j=1,...,n;

Smin) (2)

and the energy efficiency is reduced to

n;Voc ‘_r{ﬂn Q_Z](Sj (O) — Smin)

J=1..5n,
Z Q;’(Smax - Smin)‘/;)c
=1 A
_min  Q3(S;(0) — Smin)
7=1,....n;

(Smax -

Smin)Qi
< 7.

It is noted that the worst-case scenario is when the

minimum-capacity module has the lowest SOC, namely,

arg min Qézarg min S;(0).
j:1,...,'I’Li ]:1,,7’1,7,

When this scenario occurs, the lowest energy efficiency
happens as

a0 55(0) -

yeeeyTli

(Smax -

Smin)@

Example 3.2: Impact of SOC imbalance on energy
efficiency can be numerically demonstrated by using
the data in Example 3.1. We will use the first string as
an example. For this string, Q i, = 38 and Q = 42.2.

Suppose that for this string, there are 10% random
variations of S(0) below Spax = 0.85. we assign
randomly such SOC deviations to the four battery
modules in Table II. These values result in

min | Q;(5,(0) -

=1,...,

(Smax -

Sinin) = 19.874,
Simin)QF = 23.79,

which reduces the string energy efficiency from 90% to
83.5%.

TABLE II
SOC IMBALANCE ON MAXIMUM ENERGY EFFICIENCY

[ Module [ 1T [ 2 [ 3 [ 4 [ n |
Q 46 38 49 40
S(0) = Smax | 0.85 | 0.85 | 0.85 [ 0.85 || 0.900
Random S(0) [ 0.788 | 0.823 | 0.806 | 0.799 [| 0.835

IV. BATTERY AGING AND SYSTEM-LEVEL SOH

When battery systems are new, it is possible to select
modules that are relatively uniform in their capacities in
a string. However, during battery operation, the capaci-
ties will decrease in highly variable rate. Most common
aging features of battery cells are depicted in Fig. 2, see
[2], [3], [5], [9], [10] for detail. The Ah throughput ratio
T is defined as the total charge/discharge ampere hours
divided by the rated maximum capacity of a battery cell
within the designated SOC range. In other words, T’
is the equivalent number of full-range charge/discharge
cycles from S = Shin t0 Smax-

Sustained
Capacity

o)
Ty=22)
#O=5

Slow Capacity Loss

J Slope=Y, Transitional Region of

Accelerated Capacity Loss

100 =

Capacity Loss

95 —
- Knee Point

A

90 —

Rapid Capacity Loss

lApe:’Y2

85 =

80 =

Capacity Retention Rate %

T, T, T,
T=Ah Throughput/ Q,,,

Fig. 2. Typical capacity reduction of lithium-ion batteries.

Battery aging is characterized by the loss of usable
capacity, as the ratio u(7) = Q(T')/Qmax, namely the
current usable capacity to the rated maximum capacity
when it is new. The typical battery aging curve in Fig.
2 is characterized by several key parameters. For 1" €
[0,T1] a relatively new battery maintains its capacity.
From T' =T} to 15, the battery shows slow aging that
can be modeled by a nearly constant (negative) slope 1.
Then the battery aging accelerates in a relatively small
interval [Ty, T3], reducing its values from u(7%) = A
to 4(T3) = B. The middle point (7% + 73)/2 is called
the knee point. After T3, the battery experiences rapid
capacity loss with aggregated rate 7,. Individual aging
features of battery modules in a string are random and
define collectively the SOH dynamics of the system-
level SOH. Consequently, when modules lose capacity
gradually, the total energy efficiency of the string, and
then the entire battery system, will be affected.

SOH-based Battery Reconfiguration..., Wang, et al.
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For each battery module, under a given parameter
set 0 = [T1,T»,T3, A, B,v1,72], the function (7' in
Fig. 2 may be represented by the following mathematics
model:

( 1, 0<T<T
1—’)/1(T—T1), T <T <Ty
B A, T="T,
) = o1,  T<T<z @
B, T="Ts
B—y(T-1T3), T>1T;

For the function n(7") to be continuous, A = 1 —
1 (T2 —T1). In this paper, the function g(T') is a spline
fitting, satisfying the boundary conditions

g(Ty) = A, g(13) = B. “4)

V. BATTERY REGROUPING

Under the simplification assumption of uniform
open-circuit voltages, identical Sy, and Spax, and
equal distribution of the current to strings, the total
usable energy of the entire battery system is

Etotal = Z 21 Q; (Smax - Smin)‘/oc-
i=1 j=1

On the other hand, the total used energy when starting
from uniform Sp.x is

m
Eysed = § ni‘/OC(SmaX - Smin) 7£11in'
=1

It follows that the energy efficiency for the entire battery
system under these idealized conditions is

m .
> Qi
=1

T’ = W.
2.2.9

i=1 j=1

&)

In the special case that n and m are fixed with
n/m = k which is an integer, and each string has the
same number n; = k of battery modules, the energy
efficiency (5) is simplified to

m
Qs
E m - min
= e = T (©6)
tota .
~2.2.9
i=1 j=1

The energy efficiency (5) depends critically on how
the battery modules are grouped. We now introduce a
basic regrouping algorithm by sorting battery modules
on the basis of their capacity values at a given point of
cycle life T'.

Battery Regrouping Algorithm:

1) Initial Condition: H(T) =
2) Iterative Grouping: For ¢ = 1,...,m,

a) select G;(T) to be the set of k¥ modules of
the smallest @ values in H;(7T).
b) Hi1(T) = Hi(T) © Gi(T).

The following theorem shows the optimality of the
grouping algorithm of battery modules.

Theorem 5.1: Suppose that n and m are fixed,
n/m = k is an integer, and each string has the
same number k of battery modules. Then the Battery
Grouping Algorithm is optimal in the sense of achieving
the highest energy efficiency.

Proof: This is proved by induction. 7" is omitted from
notation. Suppose that for a given H;, EP' is the
optimal energy that can be used by grouping within
H;. Note that EP" is monotone non-increasing if one
battery module in H; is replaced by a module of smaller
capacity.

Now, suppose that from the given H;, G; is selected
by the Battery Grouping Algorithm. Then H; = H; 1P
G such that for any ), € H;11 and any Q) € G;, we
have @), > Q. Suppose we exchange one ), € H;;1
and QQp € G; with Q, > @Qp. By monotonicity, the
optimal used energy of the new H;; will not increase.
Also, since

> > min
Qo> Qp > Jnin, Qr,

the used energy for the new (5; cannot increase. Since
this is valid for all ¢, by induction, the Battery Grouping
Algorithm is optimal. O

This theorem indicates that it is useful to group the
battery modules after their capacities degrade with large
variations.

Example 5.1: We now use the data in Example 3.1
to show the benefits of regrouping.

Suppose that for the group of battery modules in
Table I, we now apply the Battery Grouping Algorithm.
The resulting new strings and the string energy efficien-
cies are shown in Table III.

SOH-based Battery Reconfiguration..., Wang, et al.
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TABLE III
IMPROVEMENT OF MAXIMUM ENERGY EFFICIENCY BY
REGROUPING

[Sting | @1 | Q2 [ Qs | Q1 [Quin | Q@ [ n |

1 358 | 375 | 38 | 38.6 | 35.8 | 37.475 || 0.955
2 39.7 | 40 | 40.2 | 43.2 | 39.7 | 40.775 || 0.974
3 435 | 442 | 455 | 46 43.5 44.8 0.971
4 46.9 | 47.1 | 473 | 49 46.9 | 47.575 || 0.986

To compare the total energy efficiency, if we do not
perform re-grouping, then from Table I,

4
1 .
1 > Qi = 37.875,
=1
4

1< .
E >3 Qi =42.656,

i=1 j=1

which has the total energy efficiency 88.8%.
In contrast, if we perform the Battery Regrouping
Algorithm, the data in Table III shows that

4
1 .
1 E Q’;nin - 41475,
=1

1 .
% Z ' Q) = 42.656,

=1 j=1
which has the total energy efficiency 97.2%.

Discussions on Hardware Realization

Battery regrouping can be achieved by manually re-
assigning battery modules to different strings as a main-
tenance procedure, or by designing electric switches
to reconnect battery modules without moving them
physically, or by employing suitable power electronic
circuits that can change networking structures of battery
modules. Fig. 3 illustrates a conceptual scheme for such
a reconfiguration system.

In this scheme, illustrated with four strings, each
battery module can be freely assigned to any string.
If it is assigned to String 1, then all other strings will
be automatically disconnected from this module. Since
group reorganization occurs only periodically over a
relatively long time, such switches may offer simplicity,
low cost, and low power loss.

VI. AN ILLUSTRATIVE CASE STUDY

In this section, we employ a basic setup to illustrate
the main issues and methods of this paper. The battery

String1A

String4 B String2 A

Battery +
String3 B String3A ‘
Battery -
String4 A

String2 B

String 1B

Fig. 3. A functional scheme for battery module reconfiguration.

system consists of n = 100 modules, with rated voltage
24 (V) and rated new maximum capacity ¢ = 100 (Ah).
The modules are grouped into four (m = 4) strings of
25 modules each (n;1 = no = ng = ngy = 25). As a
result, the battery terminal rated voltage is 600 (V) and
system-level rated capacity 400 (Ah). This amounts to
a battery system of energy capacity 240 (KWh) when
it is new. A 1C charge for the entire battery system is
400 (A), but is equally distributed to be 100 (A) for
each string.

Each battery module has an unknown aging charac-
teristic parameter set

0= [T1>T2aT37A7B7’71772]

depicted in Fig. 2. For this study, the ranges of the
parameters are shown in Table IV.

TABLE 1V
PARAMETER RANGES
| Parameter [ Range ‘

T 300 ~ 500
Ts 2500 ~ 3500
A 1-— Y1 (TQ — T1)

Ty — 1o 200 ~ 300
B A—B=0.02~0.03
v 05~3x107°
2 1~5x10 1

Since battery aging processes are stochastic, we
assume that such processes are independent and iden-
tically distributed. Prior to simulation, for each battery
module, its parameter set is selected randomly and
independently. The parameter set is then fixed without
further alternation in simulation.

The initial capacity values are all equal to the rated
capacity 100 (Ah). The aging curves are derived by

SOH-based Battery Reconfiguration..., Wang, et al.
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using linear interpolation with
A—-B
T5 —Th
Fig. 4 demonstrates a sample of 100 aging curves
generated randomly by our simulation program.

g(T) = A— (T = T).

Battery Module Aging Curves

Module Relative Capacity Reduction
o o o o o
w » o o0 ~
T T T

e
[

o

1 1 1 1 1 1 1 |
500 1000 1500 2000 2500 3000 3500 4000
T= Ah Throughpul/(:lmax

Fig. 4. Randomly generated 100 battery aging curves for this case
study.

We start with the scenario of battery operation with-
out regrouping. The 100 battery modules with random
aging characteristics are grouped into four strings of
25 modules each. Without any regrouping, the top plot
of Fig. 5 shows the maximum energy efficiency of the
strings. Since the energy efficiency of a string is highly
dependent of capacity variations within the string, over
time when battery aging takes effect, the efficiency
becomes substantially reduced. This leads to substantial
loss of energy efficiency for the entire battery system,
illustrated in the bottom plot of Fig. 5.

On the other hand, if we apply the Battery Re-
grouping Algorithm, the energy efficiency of the entire
battery system can be significantly improved. Fig. 6
compares energy efficiency trajectories of three scenar-

ios: no grouping, regrouping every 7" = 1000, and
regrouping every I’ = 500. Efficiency improvement
at T' = 4000 is n = 0.4581 without regrouping;

n = 0.6857 when regrouping is applied at every
T = 1000 interval; n = 0.7748 when regrouping is
applied at every 1" = 500.

In terms of the total available energy (Wh) after T°
equivalent life cycles, Fig. 7 demonstrates how much
the usable energy is lost under different grouping strate-
gies. Similarly, Fig. 8 shows how much the accumu-
lative usable battery energy is unused due to battery

Battery String Energy Efficiency
T

R T e —
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5 0.4 i i i i i i i
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Total Battery Energy Efficiency
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<
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>
2
2 o6t |
w
s
2 o4 i i i i i i i
0 500 1000 1500 2000 2500 3000 3500 4000

T= Ah Throughput/Qma

X

Fig. 5. Energy efficiency trajectories of the four strings and the
entire battery system. Top Plot: The energy efficiencies of the four
strings. Bottom Plot: The energy efficiency of the entire battery
system

Total Battery Energy Efficiency

54
©
T

Total Energy Efficiency
o o
= ~
T T
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I I

04 ‘ ‘ ‘
0 500 1000 1500 _ 2000 2500

T=Ah Throughput/q“ax

I I
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Fig. 6. Energy efficiency improvements of the entire battery system
by using regrouping at different intervals.

grouping issues. Over the total 7' = 4000 equivalent
life cycles, the total usable battery electricity amounts to
3.5550 (MWh). Without battery re-grouping, the actual
used energy is only 3.1935 (MWh), a loss of battery
energy capacity 0.3615 (MWh). In comparison, if the
battery system is regrouped every T' = 1000, 3.4015
(MWh) is realized with a much lower loss of 0.1535
(MWh). Further improvement is shown with regrouping
every 1" = 500, with 3.4258 (MWh) realized energy and
a further loss reduction to 0.1292 (MWh).

SOH-based Battery Reconfiguration..., Wang, et al.
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Total Available Energy and Usable Energy Comparison
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Fig. 7. Comparison the total available energy (Wh) of the battery
system after 7" operating range with the actually usable energy due
to different strategies of battery grouping.

x10° Total Available Power and Usable Power Comparison
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Fig. 8. Comparison the total cumulative available energy (Wh)
of the battery system within 7' = 4000 with the actually usable
cumulative energy due to different strategies of battery grouping.

VII. CONCLUDING REMARKS

This paper introduces the notion of battery energy
efficiency that captures the impact of uneven battery
capacities on the system-level energy usage and the
lost capacity. Our analysis establishes a relationship be-
tween individual battery modules’ aging processes and
the system-level SOH, and indicates potential remedies
for improving energy efficiency of the entire battery
system. Some simple conceptual hardware systems for
realizing battery regrouping are proposed, that can be

implemented by either physical switches or power elec-
tronic circuits. Further studies are planned to combine
real-time SOH estimation, SOC estimation, and the re-
grouping process, and to develop comprehensive control
methods to further improve battery system efficiency
and durability.
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