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ABSTRACT

Lithium-ion cells are widely used in various platforms, such
as electric vehicles (EVs) and mobile devices. Complete and
fast charging of cells has always been the goal for sustainable
system operation. However, fast charging is not always the
best solution, especially in view of a new finding that cells
need to rest/relax after being charged with high current to
avoid accelerated capacity fading. Fast charging for its typi-
cal Charge-and-Go scenario does not allow this needed relax-
ation. In this paper, we propose #-AWARE, a novel charging
algorithm which maximizes the charged capacity within the
user-specified available charging time (i.e., user-awareness)
while ensuring enough relaxation (i.e., cell-awareness). We
motivate and evaluate x- AWARE via extensive measurements
over 10 months. *-AWARE is shown to improve the charged
capacity by 6.9-50.5% over other charging algorithms that
also ensure relaxation, and by almost 3x in some extreme
cases. Furthermore, x- AWARE slows down the capacity fad-
ing by 49.55% when compared to fast charging.

Categories and Subject Descriptors

C.3 [Process control systems|: Miscellaneous

General Terms
Design

Keywords
Battery charging, relaxation, CCCV charge, capacity fading

1. INTRODUCTION

The excellent cycle life and high power density of Lithium-
ion cells [1] have made them widely adopted in Cyber-Physical
Systems (CPSes) such as electric vehicles [2, 3], and mobile
devices such as tablets and smartphones. For example, the
battery pack of Tesla S 85D is built with 7,104 Lithium-
ion cells [4]. Fast charging of battery cells has always been

the goal to improve the sustainable system operation [5-7].
Various fast charging technologies have been designed and
implemented, significantly reducing the time to charge the
cells [8-12].

However, fast charging is not always the best solution for
the following reasons. First, even the state-of-the-art fast
charging technologies still take hours to fully charge cells.
For example, it takes =~ 100 minutes to fully charge a QC
2.0 supported Galaxy S6 Edge smartphone, although about
75% of the charging can be completed in 50 minutes. This
large charging time may be unacceptable when the user has
only a limited time to charge the battery. Second, fast charg-
ing is not necessary in many cases because most users are
likely to charge the battery in the night [5,13], which does
not have to be fast. Moreover, the user may not need to
fully charge the battery during the day time; the capac-
ity enough for day-time usage could suffice. Last but not
the least, fast charging accelerates the capacity fading of
cells [14], which becomes even more pronounced because al-
lowing cells to rest/relax for a certain time after charging
with high current slows down their capacity fading. This
new observation complements the conventional wisdom that
relaxation-after-discharge improves the cycling performance
of cells [15]. Fast charging, with its typical Charge-and-Go
scenario, does not allow such relaxation. Accelerated capac-
ity fading shortens the life of cells, increasing the system
operation cost, e.g., the EV battery pack costs $30-40k and
its warranty only covers limited capacity fading [16].

In this paper, we address the cell charging problem from
a new perspective and aim to mazximize the charged capacity
within the user-specified available charging time while en-
suring enough time for cell relaxation. Specifically, we pro-
pose *-AWARE, a charging algorithm with both user- and
cell-awareness and validate its design and performance with
10+-month measurements. x- AWARE offers an attractive al-
ternative when fast charging is not absolutely required, ex-
tending the battery lifetime.

The challenges in *- AWARE arise from two aspects. First,
the objective of maximizing the charged capacity and meet-
ing the relaxation requirement generates an inherent con-
flict. *- AWARE mitigates this conflict based on the finding
that the constant-voltage charge (CV-Chg) — the second
phase in the classic CCCV method [17] after the constant-
current charge (CC-Chg) — also serves as relaxation and
thus allows more charging capacity. However, exploiting
CV-Chg as relaxation poses another challenge because with
CCCV, charging less capacity does not necessarily lead to
less required charging time, making the trade-off between
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the two non-trivial choices. *-AWARE addresses this by sep-
arating the control over CC-Chg from that over CV-Chg
to identify the optimal charging profile in a reduced search
space.

This paper makes the following contributions.

e We demonstrate that fast charging is not always the
best and cells need relaxation after charging them with
high currents in order to avoid accelerated capacity
fading (Sec. 3).

e We discover that the completed CV-Chg of CCCV
serves as relaxation (Sec. 4).

e We propose x-AWARE for charging Lithium-ion cells

while considering both the user-specified available charge

time and the required relaxation of cells, providing an
alternative when fast charging is not required and gain-
ing extended battery lifetime (Sec. 5).

e We evaluate *-AWARE both experimentally and via
trace-driven emulations, showing that *-AWARE im-
proves the charged capacity by 6.9-50.5% (up to 3x
in some extreme cases), and slows down the capacity
fading by 49.55% (Sec. 6).

The paper is organized as follows. Sec. 2 introduces the
background on cell charging. Sec. 3 motivates the charging
problem addressed in this paper. The exploration on CV-
Chg as relaxation is described in Sec. 4. *- AWARE is detailed
in Sec. 5 and evaluated in Secs. 6. Sec. 7 reviews the related
literature. The paper concludes in Sec. 8.

2. BACKGROUND

Below we introduce the necessary background on the charg-
ing of battery cells.

e C-Rate of Cells. The performance of Lithium-ion
cells hinges critically on how fast they are charged /discharged
[18-20], which in turn has to be defined with regard to
their rated capacity; for example, a 200mA charging cur-
rent would be considered large for cells with 200mAh rated
capacity but small for 2,600mAh cells. The charging (and
discharging) currents of cells are often expressed in C-rate to
capture this dependency. Specifically, taking cell discharging
as an example, a 1C rate is the current drains the cell com-
pletely in 1 hour, i.e., 200mA for 200mAh cells and 2, 600mA
for 2,600mAh cells.

e Open Circuit and Terminal Voltages. The open
circutt voltage (OCV) of a cell is the voltage between its
terminals without load, which becomes the terminal voltage
of the cell when the load is connected. In other words, OCV
is an inherent property of the cell and the terminal voltage
is what we can measure. The relationship between OCV
and the terminal voltage can be described by the cell circuit
model shown in Fig. 1:

‘/terminal =0CV £1I- L) (1)

where the cell is charged /discharged with current I, and r is
the internal resistance of the cell. We use the term wvoltage
for short when referring to the terminal voltage in the rest
of this paper.

3. FAST CHARGE IS NOT ALWAYS BEST!

Fast charging has always been the goal to improve the
sustainable system operation. However, we argue that fast
charging is not always the best based on the following three
observations.

e Faster # Fast Enough. The first observation is
that even the state-of-the-art fast charging technologies still
take hours to fully charge the cells. Fig. 2 plots the charging
processes of 5 mobile devices with their respective chargers:
a Nexus S (2010), a Note 8.0 (2013), a Xperia Z (2013),
a Galaxy 5S (2014), and a Galaxy S6 Edge (2015). The
time to fully charge the devices has been shortened, e.g.,
from 3—4 hours for Nexus S to =2 hours for Galaxy S5.
However, even the QC 2.0 supported Galaxy S6 Edge still
takes ~100 minutes to be fully charged.! Let us take EV
charging as another example, which emphasizes more on fast
charging due to the range anziety [22]. Table 1 compares the
three commonly seen EV charging technologies: Level 1-3
charging. Again, even the fastest Level-3 charging requires
30min to charge the batteries to 80% [23]. Clearly, these
hour-order charging time may not be acceptable when the
user has only limited time to charge the battery.

e Faster # Necessary. Fast charging is not always
needed with the usually over-designed battery capacity, es-
pecially in view of the fact that most users are likely to
charge their batteries in the night [5,13]. Let us again take
EV as an example. Statistics show that 80% of the users
only drive <50 miles per day [24]. On the other side of the
story, EV battery packs are commonly rated with mileages
over 200 miles, e.g., 270 miles for Tesla S. This way, the
EVs for most users are likely to “survive” the daily usage
with a battery pack fully charged in the morning, and then
charge them again in the night where Level-3 charge is not
really needed. Moreover, fully charging the battery may not
be needed during the day time — the capacity enough for
day-time usage would suffice.

e Faster # Desirable. Last but not the least, fast
charging is not desirable for cells as it leads to faster capacity
fading, thus shortening the lifetime of cells? and increasing
the system operation cost.

Fast charging is for the Charge-and-Go scenario where the
user wants her battery to be charged quickly and then get
on her way. This application scenario does not allow cells to
rest after charging and does accelerate their capacity fading.

We demonstrate this finding via measurements of two
sets of Lithium-ion cells and the NEWARE battery tester
(Fig. 3). Table 2 summarizes the cells details. In the first
set of measurements, we charge/discharge the Set-I cells for
10 cycles with a charge/discharge current of £500mA, re-
spectively. The charging terminates when the cell voltage
reaches 4.1V and the discharging terminates when the volt-
age decreases to 3.0V. A rest period of 0—60 minutes is in-
serted between each charge and discharge. Fig. 4(a) plots the
averaged capacity fading of these cells during these 10 cycles,
normalized to the delivered capacity in the first cycle. The
cell capacity degrades slower with longer relaxation, e.g., to
98.2% of the first cycle when relaxing cells for 30 minutes
after each charge, much slower than the case with no relax-

'The QC 3.0 released in Sep. 2015 is reported to take 35
minutes to charge the cell to 80% [21].

2Tt is a common practice to conclude a cell as died after its
capacity fades to 80% of the rated level.
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Figure 1: Circuit model of cells.
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Figure 2: Charging processes of 5 mobile devices with respective chargers.
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Figure 3: Battery tester and cells.

ation (i.e., 93.4%). However, an extremely long relaxation
has diminishing effect on the slowdown of capacity fading,
as observed from comparison of the cases with relaxation
periods of 30 and 60 minutes.

Similar cycling tests have been performed with Set-II cells
as shown in Fig. 4(b). Again, relaxing cells slows down their
capacity fading. Also, comparison of the two cases with no
relaxation reveals dramatic capacity fading when charging
cells with higher current, reinforcing the necessity of relax-
ing cells after fast charging. Another observation is that
relaxing cells to slow down their capacity fading is partic-
ularly crucial for aged cells, as revealed by comparison of
Figs. 4(a) and (b). As the first investigation in this direc-
tion, we assume the needed relaxation time of cells, e.g., 30
minutes for Set-I cells as shown in Fig. 4(a), is provided by
the cell manufacturer in the rest of this paper.

These three observations reveal that fast charging is not
always the best to charge cells because (i) fast charging
is agnostic of real-time user requirements, e.g., the avail-
able charging time, and thus blindly pushes for high cur-
rent charging even if unnecessary; (ii) fast charging ignores
the needed relaxation of cells, leading to accelerated capac-
ity fading. So, we tackle the cell charging problem from a
new perspective and aim to maximize the charged capacity
within the user-specified available charging time Thyailable
while ensuring a relaxation period to be no shorter than
Trelax: i-e-7

max Chotal (2)

s.t. ttotal S Tavailable and trelax 2 Trelax-

4. CV-CHG SERVES AS RELAXATION

Resting cells (as in Fig. 4) is not desirable to maximize
the charged capacity, albeit serving as relaxation. Here we
show that the completed CV-Chg — the second phase of the
classic CCCV charge — also serves as relaxation. We then
introduce the challenges in relaxing cells via CV-Chg.
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Figure 4: Insufficient relaxation leads to accelerated cell capacity fading.

4.1 Why CV-Chg Serves as Relaxation?

Essentially, relaxation cools down the chemical reactions
in the cells; otherwise, the oxidation of the electrolyte at
the surface of cathode would form a resistive surface layer
quickly [1,14]. This also reduces the loss of active mate-
rials needed for the transformation between electrical and
chemical energy. The essence of relaxation inspires us that
gradually decreasing the charging current may also serve as
relaxation for cells, as in the CV-Chg of CCCV charge.

CCCYV is a classical charging method for Lithium-ion cells,
widely implemented in both high/low-ends and small/large
battery-powered systems [27,28]. Fig. 5 illustrates the CCCV-
based charging process [25], which can be described by

< Icc, Vmax, [cutoff >ceev

and consists of the CC-Chg phase first and then the CV-Chg
phase. In CC-Chg, the cell is charged with a large current
I.c (normally 0.5-1C) until its voltage reaches the maximum
level Vinax. Then, CV-Chg starts and charges the cell with
voltage Vmax, gradually decreasing charging current due to
the increase of cell OCV. The CV-Chg completes when the
charging current reduces to a pre-defined cut-off level Icyiof,
e.g., 0.05C [8,14]. Both I.c and Icutost are specified by the
manufacturer for a particular model of cells, and Vinax is nor-
mally in the range of 4.2—4.25V. The CCCV-based charging
process can also be observed in Fig. 2.

The decreasing charging current makes CV-Chg serve as
relaxation. To validate this, we charge the Set-I cells in Ta-
ble 2 with <500mA, 4.2V, Ieutoff >ccev Where Ieytorr = {150,
200, 300, 500}mA, and then discharge them with —500mA
current until their voltages decrease to 3.0V. The case of
Ieutor = 150mA corresponds to the specified cutoff cur-
rent of the cell, i.e., 0.05C, implying a completed CV-Chg.
Specifically, we say a CV-Chg is completed if it terminates
when the charging current decreases to the specified cutoff
level. On the other hand, the cases with Ieutor ={200, 300,
500}mA indicate pre-terminated CV-Chg. Note that there
is actually no CV-Chg with Icutor = 500mA. Fig. 6(a) plots
the averaged capacity fading over 10 such charge/discharge



Table 1: Level 1-3 charging for EVs.

Charge Power

Charge Current

Charge Time Infrastructure Cost

Level-1 1.4kW 15-20A 10 hour to fully charge $230-1, 350

Level-2 3.3kW up to 80A 2-3 hour to fully charge $2,600-21, 000

Level-3 50kW 120-500A 30 minutes to 80% $25,000-85, 000
| CC-Chg CV-Chg

3000

}
CHARGE CONDITION: |
CVCC 4.2V Max 0,31t (825mA), 50mA cut-off at 25deg.C

2500
VOLTAGE

1500

Fading Ratio (%)

VOLTAGE [V]
CURRENT [mA]
CAPACITY[mAR]

[ [7150mAl
4 200mA
1000 =-300mA|

|
|
|
CAPACITY |
|
1
|

<+ CCCV 4
|&-wio Relaxation|

|
}
|
|
|
|
| 12000
|
|
|
|
|
|

CURRENT [ 5-500mA|
25 85 L L
1

0
do 0.5 1.0 15 2.0 25 30| 35 40| 45
. TIME [hour] .

Figure 5: CCCV-based charging pro-

cess [25].

Table 2: Cells used in the measurements.

Set-1 Set-11
Brand UltraFire TENERGY
Number of Cells 8 5
Rated Capacity 3,000mAh 2,600mAh
Age 2+ years new
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Figure 7: With CCCV, a smaller Vihax leads to less charged
capacity but not necessarily a shorter charging time.

cycles, showing that CV-Chg slows down the capacity fading
of cells as it approaches completion, validating our conjec-
ture that completed CV-Chg serves as relaxation. Similar
cycling measurements have been performed with the Set-I1
cells and similar observations can be obtained (Fig. 6(b)).

4.2 Challenges in Relaxing via CV-Chg

Relaxing cells with CV-Chg is more promising than rest-
ing them as more capacity can be charged. However, the
original CCCV is designed to fully charge cells, which is
likely to be infeasible with limited Tavailable- A simple miti-
gation is to use a smaller (but as large as possible) voltage
level Vi, to substitute Vinax in <Iee, Vinax, Leutoff >ccevs 1-€.,
only partially charge the cell to ensure the charging process
will complete within Thyailable. However, this approach may
not work because charging less capacity to cells with CCCV
does not necessarily lead to a shorter charging time. To
demonstrate this, we use the modified CCCV to charge a cell
with varying V... Fig. 7 compares the thus-collected charg-
ing durations and charged capacity — a smaller V,,,, does

4
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(b) Set-II cells over 100 cycles

Figure 6: Completed CV-Chg also serves as relaxation.

lead to less charged capacity, but not necessarily a shorter
charge time.

This finding needs to be reasoned with two aspects: the
nonlinear relation between the OCV and depth-of-discharge
(DOD)3 of cells and the role Vi,ax plays in CCCV.

e Nonlinearity between OCV and DoD. Lithium-
ion cells demonstrate a monotonic relationship between their
OCVs and DoDs as shown in Fig. 8(a). This relationship is
stable for cells of the same chemistry and does not vary much
with manufacturer (e.g., <bmV variances in OCV with given
DoD [29]). Also, this relationship is available in the form of
an OCV-DoD table in many off-the-shelf battery manage-
ment chips, such as bq2750x from TI [30]. Fig. 8(b) plots
our empirically obtained OCV-DoD curves with two cells,
whose closeness validates the stable relationship. We will
elaborate more on how these curves are obtained in Sec. 6.
We use D(v) and O(d) to refer to the mapping between cell
DoD and OCYV in the rest of the paper.

Fig. 8 also shows that the OCV-DoD relation is not lin-
ear. Specifically, the OCVs are more sensitive to DoDs when
cells are nearly fully charged (e.g., below 20% DoD) or com-
pletely discharged (e.g., approaching 100% DoD), but are
not so sensitive in certain middle ranges, e.g., between 40—
80% DoD.

e Roles of Vi,.x in CCCV. Viax plays two roles in
CCCV by answering two questions: when should CC-Chg
terminate and how to charge during CV-Chg?

Specifically, we know the following details of CC-Chg and
CV-Chg when using <Icc, Vimax, Lcutofi >ccev to charge a cell
with initial OCV wvg (and an initial DoD do = D(vg)) and
internal resistance r.%

CC-Chg is responsible for charging the cell from OCV wvg
t0 Vec = Vmax — Icc - 7, and thus the capacity charged during
CC-Chg is

Cee = (D(UO) - D(Ucc)) . 610/1007
where Cy is the total capacity of the cell upon being fully

3DoD describes the cell capacity that has been discharged
as a percentage of its maximum capacity Co.

4We assume a constant  during the charging process for the
ease of description, which will be elaborated in Sec. 5.2.
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Figure 8: The OCVs and DoDs of cells demonstrate reliable but nonlinear relationship.

charged. CC-Chg lasts for
ch - Ccc/Icc-

After CC-Chg, CV-Chg is responsible for further charging
the cell from OCV vee t0 Voy = Vinax —Lcutoft 7. The capacity
charged during CV-Chg is

Cov = (D(vee) — D(vey)) - Co/100.

The time is discretized into unit slot §;. CV-Chg starts with
a charging current of I7" = I... After the first time slot, the
cell DoD decreases to

df" = D(vee) — 100 - 8 - Iec/Co,
and its OCV rises to
W = O(dS).
This way, the charge current reduces to
13" = (Viax — v1") /7

during the second time slot. The process continues until
the charging current decreases to Icutor. This way, CV-Chg
duration Ti, can be calculated iteratively.

Now, let us consider the case when reducing Visax from
Viax to V2. (Vi >Vi2.4). The OCV range within which
CC-Chg applies shrinks from [vo, Vihax —Icc -] to [vo, Viiax
— Icc 1], leading to less to-be-charged capacity and shorter
CC-Chg duration. However, the OCV ranges to which the
CV-Chg is responsible are

1 1
[‘/max - ICC - T ‘/max - Icutoﬂ : T]v
and
2 2
[‘/max - ICC =T ‘/max - IcutoH : T]v

before and after the change, respectively. These OCV ranges
may map to very different DoD intervals (and thus to-be-
charged capacities) because of the nonlinear OCV-DoD ta-
ble, although sharing the same OCV gap, i.e., (Ioc—Lcutoft )T
This is illustrated in Fig. 8(b) where the same magnitude of
OCYV change (i.e., Av) leads to significantly different mag-
nitudes of DoD changes (i.e., Adi<<Adz). Thus, reducing
Vinax shortens CC-Chg because of its first role, but may lead
to longer CV-Chg with its second role (e.g., as in Fig. 7) —
the overall charging time is not necessarily reduced.

To address this discrepancy between the charging time
and charged capacity, in *- AWARE, we separate the two roles

voltage
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Figure 9: Illustration on the *-AwWARE-based charging process.

forV,,=0,1,....,V,

max
for Voo =0, 1, ..., Vox
identify < Too, Coo>and < Ty, Coy>
end
end

return the best combination of V,and V¢

Figure 10: Basic principle of *-AWARE.

of Vinax by introducing another control parameter as will be
explained in the next section.

S. *-AWARE CHARGING

Besides the functional requirements on the charged ca-
pacity and charging time, simplicity is an important re-
quirement for charging algorithms to facilitate their wide
adoption. Here we first introduce the algorithm design of
- AWARE, demonstrating its computational simplicity, and
then explain the simplicity of its implementation.

5.1 Basic Idea of «-Aware

*- AWARE is an extended version of CCCV — a two-phase
charging algorithm described by

< Icc, ‘/cm ‘/;:V7 Icutoff >*—AV\'ARE (‘/Cc Z ‘/cv)

Specifically, the x- AWARE-based charging process starts with
CC-Chg with current I.. until the cell voltage rises to Ve,
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Figure 14: The maximum safe charge voltage of Lithium-ion
cells with temperature [31].

and then CV-Chg charges the cell with voltage V., until
the charging current falls to Icutor. This way, Vie plays the
first role of the original Vi,ax in controlling CC-Chg and
Vov takes the second role of Vinax in controlling CV-Chg.
Fig. 9 illustrates the *- AWARE-based charging process and
compares it with that of CCCV. The problem formulation
in (2) can be refined as

max Cliotal = Cec + Cev (3)
s.t. ch + ch S Tavailable (4)
ch S Tavailable — drelax- (5)

Thus, the basic principle of *-AWARE is to identify the op-
timal combination of V. and V., as illustrated in Fig. 10.
Furthermore, we know

max Ctotal - Ccc + C'cv <~ max ‘/:?V7 (6)

as Viy determines the final OCV of the cell after charging,
which is monotonic in the DoD of cells. Similarly, the con-
straint (5) can be transformed to
ch S Tavailable - Trelax
= Ccc S Ccc,max = (Tavailable - Trelax) : -lcc

~ dec > dcc,min = max{do - % X 100%, O}
0

<~ Vee < ©(dcc,min) + Lo -7 (7)

5.2 Prediction with Given v.. and v,

The first component in *-AWARE is to predict (i.e., deter-
mine Tyc, Cec, Tev, and Cey) the charging process with given
Vee and Vey. The basic prediction principle is based on the
OCV-DoD table as described in Sec. 4.2, for which the cell
resistance r is needed.

40 E‘O 40 60
DoD (%) Initial DoD

Figure 12: The cell resistance shows small
variations throughout the charging process

80 100 0 20 80 100

Figure 13: Mobile devices are often
charged before completely discharged in
most cases.

*- AWARE estimates the cell resistance based on the basic
physics r = V/I. Specifically, - AWARE inputs short current
pulses to the cell and records its voltage responses before
actually charging it. This way, the cell resistance can be
estimated by r = AV/I, where AV is the increase of cell
voltage and [ is the input current. Fig. 11 shows the voltage
responses of a cell with different current pulses — the voltage
increases quickly during the first 0.1s because of the [ - r
voltage and then increases slowly due to the charging of the
cell. The quick response of the I - r voltage allows *- AWARE
to estimate r with little overhead, e.g., 7=0.19) for the cell
in Fig. 11. *-AWARE uses the thus-estimated r to predict
the charging process with given V.. and V,,.

However, cell resistance is known to be variable during
charging. To gain more insight on this, we intermittently
charge 5 cells to estimate their r in real time throughout the
charging process — charging the cells with constant current
for 10s and then stop the current for 10s, repeat the pro-
cess until the cell voltage reaches 4.2V. Fig. 12 plots the
thus-collected resistance traces, which are indeed not con-
stant. However, the variations of cell resistance is small
except when the cells are of extreme high DoDs, or when
they are nearly completely discharged.

For battery-powered systems such as mobile devices and
EVs, users typically charge the system before completely
draining its battery. We have collected a usage trace of a
Galaxy S6 Edge for 29 days. Fig. 13 plots the distribution
of battery DoDs when the charging of the phone begins dur-
ing the recorded periods — the phone is charged before its
battery reaches 80% DoD in more than 80% of all the cases.
Similar observation is reported in [32]. For EVs, the stud-
ies in [33,34] show EVs are normally charged before their
batteries reach 70% DoD. These observations indicate that
charging cells with extreme high initial DoDs is not common
in practice. Thus, it is reasonable for *-AWARE to predict
the charging process with the before-charge-r, the accuracy
will later be validated empirically in Sec. 6.

5.3 Identifying the Optimal v.. and V.,

Knowing how to predict the charging process with given
Vee and Viy, we need to find an optimal combination of the
two. *- AWARE identifies the optimal combination by first re-
ducing the search space and then guiding the search therein.

e Reducing the Search Space. The search space for
Vee and Vi, can be reduced as follows. First, there are con-
straints on the maximum voltage to charge cells safely, i.e.,
Vsafe,max, as specified by JEITA and as shown in Fig. 14 [31].

Second, a voltage higher than the cell OCV is required to
charge the cell. At the beginning of the charging process,
this means that the charging voltage has to be higher than
the cell’s initial OCV vg. This lower bound of the charging
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Figure 16: Reduced search space.

voltage is tightened further to (vo+Icc-7) to achieve the CC-
Chg current I... Combining with the maximum safe charge
voltage, we know

Vo F+ Lee 7 < Vey < Ve < ‘/;afe,lllax~ (8)

Furthermore, when switching from CC-Chg to CV-Chg, this
observation requires

‘/::v - (‘/cc _Icc °

otherwise, there will be no CV-Chg.
arrangements, we get

Vee = (Iee — (9)

Last but not the least, we have another upper bound of V.,
by observing the CV-Chg current trace is convex. Fig. 15(a)
plots the current when charging a cell with <1,300mA, 4.1V,
130mA>cccy. The CV-Chg current conforms to a two-term
exponential decay process ItV = ae?! +ce®* for certain a, b,
¢, and d. Fig. 15(b) plots the corresponding exponentially-
fitted curve, demonstrating high fitting accuracy, i.e., with
error <0.15%. To further validate this hypothesis, we apply
the two-term exponential fit to 33 empirically collected CV-
Chg current traces, and the thus-collected distribution of the
goodness-of-fit (in R-Squared) is shown in Fig. 15(c). All
of these fittings have R-Squared larger than 0.8, and over
70% of them have a R-Squared >0.99. These statistics on
fitting goodness indicate a good match between the current
traces and the fitted curves, validating our hypothesis that
the charging current during CV-Chg conforms to a two-term
exponential decay process.

Exponential functions are convex, hence showing that the
CV-Chg current trace {I7", I5", ---, If] } is also convex
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Figure 17: Implementation circuit schemata for CCCV and *- AWARE.

(note that IF
[17 TCV]

= ILcutorr). This way, we know for any ¢ €

Tev — 1

cv

ICV < ICV [CV
t < 1+ T, e
based on which we have the following upper bound on the

capacity charged during CV-Chg:

TCV
CCV _ / Itcvdt S (Icc + Icutoff)
0 2

° ch

(10)

This in turn leads to the following upper bound on the total
capacity charged with x- AWARE:

Ctotal = CCC + Ccv
< Lo -Tee + (Tee + ITcutost) - Tev
— cc cc 2
< Jee  Tee + (ICC + Icutoff) . (Tavailable - ch)
_— cc cc 2
(2 - Tavaitable — Trelax) * Tec + Tretax - Teutort c
- 2 - max -

Thus, we have the lower bound of the cell’s DoD after
charging it as
100 - Cmax

dmin > max{dy — c
0

,0}.
Mapping DoD to OCV, we get
Vv < @(dmin) + Ieutoft * 7. (11)

The above three facts help further refine the problem for-
mulation in (3) as

max Vi

(4),(7),(8),(9), (11).

(12)
s.t.



e Searching in the Reduced Space. Fig. 16 illustrates
an example of reduced search space by jointly considering
constraints (7), (8), (9), and (11), which can be easily iden-
tified for any given problem instance. The last step is to find
the optimal solution in the reduced search space satisfying
(4).

It is intuitive to search the space top-down as we aim to
find the largest possible V. Furthermore, only the right-
most (i.e., largest) Ve needs to be considered when multiple
points with the same V., exist in the search space, because
the required charging time Tiota1 monotonically decreases as
Vee increases with given V.. This observation is straightfor-
ward as V., determines the total capacity to be charged, and
Vee further determines how much capacity is charged with
CC-Chg and CV-Chg, respectively. A larger V.. indicates
that more capacity are charged with CC-Chg, increasing the
overall charge rate and reducing Tiota1. This guided search
identifies the optimal® V.. and V., based on the physical
facts when charging cells, although it is greedy in nature.

5.4 Summary of + Aware

Alg. 1 summarizes the workflow of *x-AWARE. The first
step is to estimate the cell resistance r (line 2), with which
the reduced search space can be identified (line 3). The
guided search is then performed to find the optimal V.
and Vo, (lines 6-14). The overall complexity of x- AWARE
is O(Ta%tl“blelgi), where the first term accounts for the
complexity in predicting the charging process with given V.
and V., and the second term accounts for the complexity
in looé{ing up the OCV-DoD table with an OCV granularity
of §y.

5.5 Implementation Simplicity

Besides the low computational complexity, *-AWARE is
also simple to implement because its control principle is sim-
ilar to CCCV, which has been widely deployed in both high-
and low-end systems [7]. Fig. 17(a) shows the circuit dia-
gram that implements CCCV, where the current source out-
puts Icc and the voltage source supplies Vinax. The switch
position controls whether CC-Chg or CV-Chg should be op-
erational, which is determined based on real-time feedback
of cell voltage. On top of this CCCV implementation, -
AWARE poses only one additional requirement for the volt-
age source to supply Vi first and then V., — an evolution
from one single voltage threshold to two voltage thresholds
sequentially, and all other circuit logic remains the same.
The circuit schema for *- AWARE is shown in Fig. 17(b).

6. EXPERIMENTS

We have experimentally evaluated *-AWARE. Specifically,
we first verify the accuracy of x-AWARE in predicting the
charging process and then evaluate its performance with re-
spect to both the charged capacity and the capacity fading.

SWith given search granularities and regarding to (12).
5The complexity for D(v) and O(d) are O(1) and O(lgv‘éﬂ—;”‘),
respectively, assuming the table is constructed with OCV as
indexes.

Algorithm 1 Pseudocode of #-AWARE .
10 Vee = —1, Voo = —1;
2: Estimate resistance r;
3: Identify the reduced search space Z based on (7), (8),
(9), and (11);
: Find Vey min and Vey max in Z;
V::v,tmp - ‘/cv,max;
while ‘/cv,tmp 2 ‘/cv,min dO
Find the largest Vec,tmp in Z with Vey tmp;
Predict the charging process with <Zcc, Vectmp,

‘/cv,tmp s Teutofr > #- AWARE 3

9: if ch + ch S Tavailablc then

10: Vee = ‘/cc,tmp7 Vevo = ‘/cv,tmp;
11: break;

12:  else

13: ‘/::v = Vev — 61);

14:  end if

15: end while
16: return V.. and Viy;

6.1 Collecting the OCV-DoD Table

TENERGY ICR 18650-2600 Lithium-ion cells are used
for our experiments; its OCV-DoD table is required for x-
AWARE to predict the charging process. To obtain this OCV-
DoD table, we use the battery tester to charge the cells with
200mA current and record the process, based on which we
can identify the relationship between the terminal voltage
and DoD of the cells. We then perform resistance compen-
sation on the thus-collected traces based on Eq. (1) to de-
rive the OCV-DoD table. The small charging current (i.e.,
200mA or 200/2600 ~ 0.077C) is to reduce the I - r voltage
and thus improve the accuracy of the derived OCD-DoD
table. The OCV-DoD curves we obtained are plotted in
Fig. 8(b).

6.2 Prediction Accuracy

We verify the accuracy of - AWARE in predicting the charg-
ing process based on the OCV-DoD table. Specifically, we
collect 34 charging traces of cells with different voltages and
currents, serving as the ground truth. We then use - AWARE
to predict these charging processes with their corresponding
voltages and currents based on the OCV-DoD table. Fig. 18
summarizes the predication accuracy, where the z-axis is the
error in predicted charging time and the y-axis is the error
in predicted charged capacity. The prediction is found to be
pretty accurate — the error in predicting the charged ca-
pacity is in the range of [—1.33%, 5.44%] with an average of
0.74%, and that in predicting the charging time is [—7.82%,
5.33%] with an average of —2.26%.

6.3 Charged Capacity

Next, we evaluate the charged capacity with *- AWARE and
compare it with the following two baselines both of which
also ensure enough relaxation.

e Greedy Fast (G-Fast). With G-Fast, the cells are
greedily charged with I for a time period of (Tavailable —
Trelax) — charge cells with the large current I.. as long
as possible.

e Modified CCCV (M-CCCYV). Similar to the orig-
inal CCCV, M-CCCYV is described by a triple <Icc,
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Table 3: Case study details.

Tavailable Trelax Initial OCV

Profile w/ *-Aware

Profile w/ M-CCCV Profile w/ G-Fast

Case-1 60min 30min 3.20V <1, 300, 3.9152, 3.7930, 130> <1,300, 3.7788, 130> 1,300mA for 30min
Case-11 60min 30min 3.75V <1,300,4.0101, 3.8811, 130> <1, 300, 3.8002, 130> 1,300mA for 30min
Case-111 60min 40min 3.32V <1, 300, 3.9350, 3.7989, 130> <1, 300, 3.7900, 130> 1,300mA for 20min
Case-1V 60min 40min 3.45V <1, 300, 3.9000, 3.7887, 130> <1, 300, 3.7800, 130> 1,300mA for 20min
Case-V 60min 40min 3.57V <1, 300, 3.9701, 3.8082, 130> <1, 300, 3.8000, 130> 1,300mA for 20min
Case-VI 60min 40min 3.71V <1,300,3.9601, 3.8144, 130> <1,300,3.7950, 130> 1,300mA for 20min

Viass Teutoff >m—ccev. However, M-CCCV identifies the
optimal V., to maximize the charged capacity while
ensuring enough relaxation, instead of using the fully
charge voltage Viax.-

We conducted 6 case studies in which cells with differ-
ent initial OCVs are charged with the three methods. The
charging currents are I.. = 1,300mA and Icutor = 130mA
as specified by the cell manufacturer. The details of these
case studies are listed in Table 3. Again, the battery tester
is used to charge the cells according to these listed profiles.

Table 4 summarizes the charged capacity in these case
studies.” *-AWARE outperforms the two baselines by 6.9—
50.5%, and improvement ratios of 160% and 290% are ob-
served in Case-II and Case-VI over M-CCCV. This almost
3x improvement over M-CCCYV is achieved because in Case-
I, the initial OCV (i.e., 3.74V) falls in the range where the
DoDs are highly sensitive to OCVs. Recall that in M-CCCV,
CV-Chg is responsible to charge the cell in the OCV range
[Vinax — Lec * 7, Vinax — Icutoft - 7], which corresponds to a wide
range of DoDs in Case-II. This means that the CV-Chg is
responsible for charging more capacity to cells and thus re-
quiring more time. As a result, the CC-Chg phase is short
and the overall charged capacity is limited. These results
further reinforce the necessity to separate the control over
CC-Chg and CV-Chg, as in - AWARE.

6.4 Capacity Fading

We also evaluate the effect of *-AWARE in slowing down
the capacity fading of cells with cycles. Specifically, we re-
peat Case-I in Table 3 for 100 cycles with *- AWARE and fast
charging, respectively.® We fully charge and discharge the
cells every 10 cycles to collect their total deliverable capaci-
ties. 6 cells are used in these cycling tests, and Fig. 19 shows
an exemplary voltage trace when cycling with x-AWARE.
Fig. 20 plots the averaged capacity fading during these cy-
cling tests. The cell capacity fades to 99.44% with *- AWARE

"Actually, the charged capacity with G-Fast can be cal-
culated directly using given Icc, Tavailable, and Trelax, €.8.,
1,300 x (3,600 — 1,800)/3,600 = 650mAh in Case-I. The
small variation in the experimental result (i.e., 650.3mAh
vs. 650mAh) is due to the accuracy of the battery tester in
controlling the current (i.e., £0.1mA).

8The cells are charged with 1,300mA current for 1 hour
and then discharged to 3.20V in each of the cycles with fast
charging.

and to 98.89% when fast charging is used.

Moreover, 92,884.0mAh capacity is delivered on average
during the x-AwARE-based cycling tests, and that with fast
charging is 140,835.0mAh. Normalizing the delivered ca-
pacity with the capacity fading ratios, we find that the cell
capacity degrades 1% after delivering 165, 860mAh capacity
when cycling with *-AWARE, while that with fast charging
is only 127, 150mAh.

These two comparisons show that «- AWARE not only slows
down the capacity fading of the cells by 1—%: 49.55%,
but more importantly, also increases the total capacity the

cells deliver during their lifetime by %w_?)o 45%.

7. RELATED WORK

Charging Lithium-ion cells is a complex electrochemical
process. Zhang et al. [1] explored how the charge current and
ambient temperature change the anode and cathode during
charging. The effect of various charge protocols on the cycle
life of cells was investigated in [14].

These studies of the charging process facilitate the design
of fast charge technologies, to which significant effort has
been devoted at different layers of abstraction, including al-
gorithms [8-11], circuit topology [7], and specially-designed
cells [6]. For example, Boostcharging [8] pushes for large
current charging by directly charging drained batteries in
the CV mode. A variable frequency pulse charging system
was proposed in [10] and a fuzzy-controlled charging design
was presented in [9]. Chen et al. [11] developed a charging
algorithm based on grey predication. A circuit topology for
battery charging was proposed in [7], demonstrating the ad-
vantage of phase-locked loop. A unique type of Lithium-ion
cell that can be charged in a few minutes was proposed in [6].

However, two important factors have been overlooked in
these designs: the available charge time for the user and the
desired after-charge relaxation for cells. *-AWARE accounts
for these factors and completes the charging paradigm when
fast charging of cells is not needed. The model-based sim-
ulation has shown that relaxation after discharge helps im-
prove the cycle life of Lithium-ion cells [15], complementing
our empirical finding on the after-charge relaxation.

8.  CONCLUSIONS

Pursuing fast charge is not always needed and acceler-
ates the capacity fading of cells due to its inability to rest



Table 4: Experiment results on charged capacity.

Charged Capacity (mAh)

Improvement Ratio (%)

*-Aware M-CCCV G-Fast over M-CCCV over G-Fast
Case-1 703.3 589.3 650.4 19.3 8.1
Case-11 743.6 188.8 650.3 293.9 14.4
Case-111 578.0 521.6 433.6 10.8 33.3
Case-1V 567.9 531.3 433.0 6.9 31.2
Case-V 533.8 354.8 433.5 50.5 23.1
Case-VI 562.2 215.4 433.3 161 29.7
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