This is the Pre-Published Version.

The following publication H. -W. R. Liang, Y. Yang and S. Y. R. Hui, "Improvement of Lithium-lon Battery Charging From the State-of-the-Art Industrial
JEITA Guidelines to a Hybrid Temperature-Regulated Current Control," in IEEE Transactions on Power Electronics, vol. 37, no. 6, pp. 6412-6423, June
2022 is available at https://dx.doi.org/10.1109/TPEL.2021.3133605.

Improvement of Lithium-ion Battery Charging from
The State-of-the-Art Industrial JEITA Guidelines to
A Hybrid Temperature-Regulated Current Control

Hui-Wen Rebecca Liang, Member, IEEE, Yun Yang, Member, IEEE, and Shu Yuen Ron Hui, Fellow, IEEE

Abstract-This paper addresses some practical issues of the Japan
Electronics and Information Technology Industries Association
(JEITA) battery charging guidelines and common industrial
practices. The issues involve the temperature-dependent charging
profile that may not lead to optimal charging time. A hybrid
temperature-regulated current control (HTRCC) is proposed and
compared with common JEITA charging profile in order to
minimize the charging time within the thermal limits of the
battery. The form factor of the charging current is used for a quick
verification that HTRCC can shorten the charging time. Based on
an electro-thermal battery model, the minimum charging speed
improvement rate (MCSI) compared to JEITA charging profile is
also predicted. Practical measurements of the charging profile and
charging time are included to confirm the theoretical analysis.
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|. INTRODUCTION

Overcharging lithium-ion (Li-ion) batteries at high
temperature can be dangerous and could result in battery
explosion or fire. According to [1], a one-in-200,000
breakdown of Lithium-ion batteries triggered a recall of almost
six million Li-ion packs in 2006. In 2007, the Japan Electronics
and Information Technology Industries Association (JEITA)
and the Japan Battery Association published the JEITA battery
charging guidelines [2] that have been widely adopted by
electronics industries worldwide [3-5]. One important element
in JEITA guidelines is the thermal limit of the battery. During
the current-control (CC) charging mode, the charging current is
set at different discrete levels based on the battery temperature
in the entire charging process. As illustrated in Fig. 1, the
charging current is less than the upper limit of the charge
current when the temperature is relatively low within the
temperature range between T; and T2 (10°C) in order to avoid
lithium deposit on the negative electrode. The normal charging
temperature is within the range of T, and T3 (45°C) when full
charging current can be used. When the battery surface
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temperature increases to the range from Ts to T4, both reduced
charging voltage and current have to be applied so as to avoid
instability of the positive electrode crystal structure. T, is the
maximum temperature limit above which no charging should
occur.

Researches on battery charging considering the thermal
factor have been recorded in [6-12]. References [6] and [7]
focus on the ageing and degradation effects caused by the
temperature on the Li-ion batteries. The thermal effects are
incorporated into the battery modeling in [8-10]. Reference [11]
compares the surface temperature of Li-ion cells based on
different chemistries and capacities. A hybrid state-of-charge
(SoC) and state-of-health (SoH) estimation technique for Li-ion
battery based on surface temperature variation is reported in
[12]. Those investigations are mainly focused on the internal
characteristics of the Li-ion batteries, while the external
features, such as the charging profiles, are not treated.
Therefore, the industrial charging strategy in JEITA guidelines
can be considered as the state-of-the-art technique with the

temperature concern for Li-ion batteries.
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Fig. 1. Profiles of the JEITA charging guidelines [3] for charging Li-ion
batteries in (a) notebook applications (b) single-cell handheld applications.
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This paper aims to bridge the research gap by proposing a
hybrid temperature-regulated current control (HTRCC), which
evolves from the discrete temperature-regulated current control
(DTRCC) in JEITA guidelines through a migration from a
discrete temperature control to a continuous temperature
control. Consequently, the form factor of the charging current
of the proposed control is greater than that of the conventional
control, leading to a faster charging speed and hence shorter
charging time. The continuous temperature control of the
HTRCC is established based on the electro-thermal model of a
Li-ion battery under investigation. Electro-thermal modeling is
not new because it has been used in light-emitting diode (LED)
systems [13]. In this study, practical aspects such as accuracy
and simplicity are considered for online implementations. An
intuitive RC-based electrical model in [14] and the thermal
model in [10] are coupled to form the electro-thermal battery
model in this paper. The empirical results not only verify the
analysis that the proposed control can improve the charging
speed of Li-ion batteries as compared to the conventional
control in JEITA guidelines, but also reveal that (i) the
improvement is more significant when the ambient temperature
is higher; (ii) a higher average charging current leads to a faster
battery charging process; (iii) the total heat generation of the Li-
ion in mainly determined by the root-mean-square (RMS)
values of the charging current; and (iv) a larger form factor of
the charging current signifies a faster charging speed of that
method.

Il. PRACTICAL CHARGING ISSUES BASED ON JEITA
GUIDELINES

Recently, a series of charging tests on Li-ion batteries for
commercial electronic products were conducted by an
independent laboratory sponsored by the Hong Kong Consumer
Council (HKCC). These tests were carried out with practical
considerations such as charging time and battery temperature.
Figs. 2(a) and (b) show two sets of measurements of the
temperature-dependent charging profiles of the same electronic
device under two different ambient temperatures of 22°C and
35°C. The charging profiles have two rated power levels, i.e., a
normal-charging power level of 6W and a fast-charging power
level of 12W. To ensure battery charging safety, the
manufacturer of the tested product set 37°C as the first upper-
temperature limit of the battery surface temperature and 45°C
as the maximum temperature limit.

The test results at the ambient temperature of 22°C (Fig. 2(a))
show that the fast charging cannot be sustained for a long time
since the battery temperature will reach the upper limit quickly.
The tested product is designed based on the JEITA guidelines
to halve the charging power from 12W to 6W (by altering the
charging current reference at the second stage of the constant
power module while keeping the voltage reference at the first
stage unchanged). Hence, the device is charged in the normal
mode rather than the fast mode most of the time. As a result, it
takes about 200 minutes for the estimated SoC to reach 100%
and the battery temperature is well-regulated between 35°C and
40°C.

At the ambient temperature of 35°C, the power charging
profile is different, as can be seen from Fig. 2(b). Being
compliant with the JEITA guidelines, the charging power is
regulated to zero when the battery surface temperature stays
close to the 45°C limit during the period from 0 minute to 145
minutes. The SoC of the battery is changed from 0% to 78%.
Therefore, the average charging power of the device in this case
is even lower than the normal charging power of 6W, such that
the total charging time is longer than the case in Fig. 2(a).
Apparently, the SoC can only reach about 85% even after 240
minutes. The charging power is controlled to be pulsative after
145 minutes and the battery temperature oscillates between
37°Cand 42°C.

The two JEITA-compliant charging profiles under the
ambient temperatures of 22°C and 35°C highlight an important
point that the ambient temperature can affect the total charging
time of Li-ion batteries significantly. Specifically, (i) high
ambient temperature reduces the temperature operating range
and substantially increases the total charging time. Besides, (ii)
the JEITA-compliant charging profiles are implemented using
discrete charging current, which can lead to temperature ripples
that in turn cause mechanical expansion and contraction in the

battery pack.
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Fig. 2. Practical charging profile of a mobile device at an ambient temperature
of (a) 22°C and (b) 35°C (Courtesy of HKCC).

I1l.  MODELING OF AN LITHIUM-ION BATTERY

In this paper, the Li-ion battery 3350mAh Panasonic
NCR18650B, which has been widely adopted in the industry, is
modeled for the HTRCC implementation. To achieve a good
balance of accuracy and simplicity, the electrical and thermal
characteristics of the Li-ion battery can be modeled by



equivalent circuits, as shown in Fig. 3. The electrical model is
simplified from the model in [14], which comprises an SoC-
dependent open-circuit voltage source Vo, an SoC-dependent
internal series resistor Rs, and two SoC-dependent internal RC
dynamic circuits with different time constants. Here, internal
impedances are modeled based on the step response. The series
resistor is modeled to emulate the instantaneous voltage drop,
while the RC circuits are modeled to emulate both fast and slow
dynamics (i.e., Rys and Cys for fast dynamics and Ry and Cir
for slow dynamics). The SoC of the Li-ion battery is estimated
based on the Coulomb-Counting method (CCM) as

t .
SoC(t) = SoC(t,) + e 2% )
where ig is the instantaneous charging current, C; is the rated
capacity of the cell, # is the charging efficiency coefficient, and
to is the initial charging time.

The total internal resistance of the battery consists of the
series resistance and the two resistances in the dynamic circuits,
as

Rg(S0C) = Rye(S0C) + Ry (S0C) + Ryys(S0C)  (2)

It is noted that Rg is a vital factor for the calculations of thermal
dissipation. Moreover, Rs, Ry, and Rys are also temperature-
dependent.

The thermal model is derived from the conventional models
in [10] by using voltage and current to emulate the temperature
and heat generation, respectively. Thus, the total heat
generation of the battery (i.e., Qiora;) Can be modeled as a
current source as shown in Fig. 3(b). The total heat generation
comprises an irreversible heat generation (i.e., Qi) and a
reversible heat generation (i.e., Q ) aS

Qrotal = Qirr + Qrev (3)

where the rates of Q;,. and Q,., can be calculated based on the
parameters of the electrical model in Fig. 3(a) as

Qirr = [VB - VOC(SOC)]iB (4)

. . Vo c(SoC)
Qrev = lBTint ;,CF (5)
int

where vg of the terminal voltage of the battery and Tix is the
internal battery temperature. The main contributor of
irreversible heat generation is the mass transport loss. This
irreversible term (4) is always positive. However, the reversible
term (5) can be either positive or negative, which depends on
the directions of ig (i.e., is>0 for a battery in the charging
mode). The internal battery temperature of the battery is
determined by the total heat generation and heat exchange with
the environment. The dynamics of the internal battery
temperature can be expressed as

dT;
C int
P at

= Qtotal - Qexch (6)

where C, is the heat capacity. The dynamic equation in (6) can
also be derived using Kirchhoff’s circuit law based on the
thermal model in Fig. 3(b).

Heat generated inside the battery is mainly transferred to the
surface by means of conduction. Thus, the difference between
the internal temperature (i.e., Tin;) and surface temperature (i.e.,
Taurf) can be modeled simply as a voltage drop across an
equivalent thermal resistor Rjs even if the battery cells have
layered structures with different thermal conductivities. The
rate of heat exchange with the environment can be calculated

based on

Qexch = mtR. S (7)
1s

On the other hand, convection and radiation are the main
channels of heat transfer from the battery surface to air.
Therefore, its thermal resistance (i.e., Rsz) depends on the heat
transfer coefficient (i.e., hou) and surface area of the battery cell

(le, Asurf) as
1

Rsa - houtAsurf (8)
Then, the rate of heat exchange with environment can also be

calculated based on

. Tsurf—Tamb
Qexch = SurR am )
sa

By substituting (8) into (9) to eliminate Rsa,

Qexch = houtAsurf(Tsurf - Tamb) (10)
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Fig. 3. (a) Electrical and (b) thermal models of the battery coupled with
equations (3)-(5).

IV. COMPARISONS BETWEEN THE CONVENTIONAL CONTROL
INJEITA GUIDELINES AND THE PROPOSED CONTROL

A. A Brief Review of the Conventional DTRCC in JEITA
Guidelines

The DTRCC in JEITA guidelines is designed based on a
physical fact that the Li-ion battery temperature is positively
correlated to the charging current. Specifically, the Li-ion
battery charged by a larger current can result in a higher
temperature and vice versa. In practice, the surface temperature
of the battery is commonly used for online monitoring and
feedback control.
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Fig. 4. Schematic diagrams of typical surface temperature and current profiles
of a JEITA-compliant Li-ion battery with the reference (a) Tcrrir and (b) Terriz:

The schematic diagrams of typical surface temperature and
current profiles of a JEITA-compliant Li-ion battery is depicted
in Fig. 4. Two levels of temperature references (i.e., Tctri1 and
Terri2) are illustrated in Fig. 4(a) and (b), respectively. By

considering practical thermal inertia, hysteresis bands (i.e., Az—h)

are adopted for the two references. Thus, the current change is
triggered by the surface temperature reaching the hysteresis
boundaries rather than the references in practice. In Fig. 4(a),
when the initial battery surface temperature is lower than the

lower bound (i.e., Tours < Tetria — %), the charging current is

controlled at Ig(c) (i-e. 1C charging current of battery) based on
the JEITA guidelines. As a result, the surface temperature is

raised to the upper bound (i.e., Terri1 + %) during the period

from to to t1. Once the surface temperature reaches the upper
bound, the charging current is reduced from lgquc) to X'lguc),
where X is a coefficient between 0 and 1 (i.e., 0<X<1). Since
the charging current is significantly reduced, the corresponding
battery temperature is reduced from the upper bound to the
lower bound during the period from t; to to. When the battery
temperature hits the lower bound, the charging current is
resumed to be 1C. Thereupon, the same procedure repeats until
the SoC of the battery meets the requirement. A similar
charging scheme is also conducted for the reference Tcrriz, aS
shown Fig. 4(b). Tcrri2 is close to the maximum temperature
(i.e., Tmax) (the battery temperature is prohibited from exceeding

Tmax). The charging current is controlled at Xlgucy when the
battery surface temperature is equal to or lower than the lower

bound (i.e., Tsurf < TeTri2 — %). Itis reduced to zero when the
battery surface temperature is equal to or higher than the upper
bound (i.e., Tsurf = TeTriz + Az—h). Within the hysteresis band,
the charging current remains unchanged.

B. Control Algorithm of the Proposed HTRCC

The proposed HTRCC improves over the DTRCC of the
JEITA guidelines by altering the explicit control law within the
hysteresis band by a continuous temperature control law (i.e.,
charging current remains unchanged). The schematic diagrams
of the surface temperature and current profile of the Li-ion
battery controlled by the proposed HTRCC are plotted in Fig.
5. In both cases, the charging currents are controlled based on
the JEITA guidelines during the initial period from to to t; when
the battery temperatures are lower than the lower bounds.
Contrary to the conventional approach in Fig. 4, the HTRCC
turns into the temperature control mode when the temperatures
reach the references. After a short period of oscillations being
caused by the thermal inertia and dynamic of the controllers,
the battery temperatures can be well-regulated to track the
references. The ideal charging currents are also constant at the
steady state. However, by considering the variable electrical
and thermal characteristics with different SoC and temperature
values in practical scenarios, the charging currents will variate
mildly, as shown in Fig. 5.
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Fig. 5. Schematic diagrams of the Li-ion battery being controlled by the
proposed control with the reference (a) Tcrrir and (b) Terrez-



The flowchart of the temperature control algorithm of the
proposed HTRCC is shown in Fig. 6. Initially, the battery is
charged with the discrete temperature control in JEITA
guidelines. Then, battery surface temperature is compared to
the reference. If the difference between the temperature
reference and the battery temperature (i.e., AT=TcrrL—Tsurf) iS
zero, which means the battery temperature reaches the reference,
the continuous temperature control is activated. The continuous
temperature control is implemented by a conventional
proportional-integral (P1) control to provide charging current
reference (i.e., Igrer) based on AT in this paper. Simultaneously,
the controller checks to see whether the battery temperature is
within the hysteresis band (i.e., |AT| < Az—h). If |AT| deviates
away from this range, the controller switches back to the
conventional discrete temperature control in JEITA guidelines
and AT is re-evaluated in the next iteration.
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Fig. 6. Control algorithms of the proposed HTRCC.

The complete control block diagram of the proposed HTRCC
is depicted in Fig. 6(b). It is a cascaded dual-loop control
strategy that comprises the outer temperature control (as
presented in Fig. 6(a)) and an inner current control. The outer
temperature control provides charging current references for the
inner current control, which further generate the duty ratios for
the battery charging circuit. It is noted that the dynamics of the
temperature control loop is slower than that of the inner current
control loop, and the derived charging current references and
duty ratios are bounded (i.e., O<lgrer<lgmax and 0<d<1). The
inner current control is also implemented by a Pl compensator
in regulating the duty ratio of the switching signals for the
battery charging circuit. The schematic diagram of the battery
charging circuit is plotted as shown in Fig. 7(a). A series-series
compensated inductive power transfer system, which can be
considered as a controllable current source when the resonant
frequencies of both transmitter and receiver are compensated at
the switching frequency [15], is adopted for charging the
battery load. Here, L, and Ls are the self-inductances of the
transmitter and receiver coils. C, and Cs are the compensated

capacitors. Rp and Rs are the equivalent-series-resistances
(ESRs) of the transmitter and receiver resonators. M is the
mutual inductance between the two coils. Ct is the output
capacitor to filter the harmonics of the rectified current. Sy, Sy,
S; and S, are the switching signals of the transmitter-side
inverter. Vq is the DC voltage source. v, and vs are the input and
output voltages of the LC resonators. i, and is are the transmitter
and receiver currents. The sketchy waveforms of the switching
signals and main electrical parameters are depicted, as shown
in Fig. 7(b). Here, vp1 is the fundamental component of v,. The
amplitude of vy is proportional to the amplitude of is, which is
in linear relationship to the battery charging current Ig [16].
Apparently, a larger duty ratio can result in a larger charging
current. Therefore, for the inner current control loop, if the
charging current is smaller than the current reference, Aig is
positive. As a result, the output of the PI compensator (i.e., d)
is increased, such that the charging current is increased
accordingly. On the contrary, if the charging current is larger
than the current reference, Aig is negative. Consequently, the
charging current is decreased since d is reduced. For the outer
loop, a larger charging current can result in a higher battery
surface temperature (i.e., Tsur). Hence, if Tsus is lower than the
temperature reference (i.e., Tcrr), AT is positive. According to
the temperature control algorithm in Fig. 6(a), for both
continuous temperature control and JEITA discrete temperature
control, a positive AT can lead to an increased current reference.
Conversely, if Tsys is higher than Tcrre, AT is negative, which
leads to a decreased current reference.
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signals and main electrical parameters.



C. Comparisons Between the Conventional Control and the
Proposed Control

Based on the schematic diagrams in Figs. 4 and 5, the sketch
maps of the charging current references versus different battery
surface temperatures of the conventional control in JEITA
guidelines and the proposed control is shown in Fig. 8. Note
that the main difference between the two control methods is the
control law selections within the hysteresis bands. Thus, the
comparisons between the two control methods can be
conducted based on this difference.
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Fig. 8. Sketch maps of lgrer Versus Tg for the (a) conventional control in JEITA
guidelines and (b) proposed control.

By assuming the SoC of the batteries at ts in Figs. 4(a) and
5(a) are the same for both control methods, the respective
electrical and thermal characteristics can be considered
identical during the period from ts to ts without losing
generality. Then, the rate of irreversible heat generation can be
calculated based on the electrical-thermal model as

Qirr = Ié(rms)Rse + I]%LR(rms)RtrL + Il%SR(rms) Rtl‘S (11)

where lggms), leLrems), and lssrems) are the root-mean-square
(RMS) values of ig, isLr, and igsr in Fig. 3(a). It is well-known
that the RMS value of an AC signal must be greater than the
average value of that signal, while the RMS value of a DC
signal equals to the average value of that signal. Therefore, by
considering the extreme cases of the dynamic capacitors in the
electrical model (i.e., CyL and Cys), lsLrems) @nd lgsrgms) must
satisfy the following inequations as

(12.1)
(12.2)

IB(avg) < IBLR(rms) < IB(rms)
IB(avg) < IBSR(rms) < [B(rms)

where lggvg) is the average value of ig.

By substituting (12) into (11) to eliminate lgLrems) and
Iesrgms), the minimum and maximum rate of irreversible heat
generation of the battery can be derived as

Qirr(min) = Ié(rms)Rse + Ié(avg) (RtrL + RtrS) (13-1)
Qirr(max) = I]%(rms)RB (13.2)

Besides, the rate of reversible heat generation of the battery
during the period from ts to ts can be calculated based on (5) as

0V, c(SoC)
OTint

Qrev = IB(avg) Tint (14)

Considering (14) with (13.1) and (13.2), respectively, yield the
minimum and maximum rates of the total heat generation as

Qtotal(min) = Allé(avg) + BllB(avg) (15-1)
Qtotal(max) = AZIé(an) + BllB(avg) (152)
where
A = kuRse + Ry, + Rys (15.3)
A, = kfRg (15.4)
By = T "o (155)

and ks is the form factor (i.e., k¢ = iB(r—ms) >1).
B(avg)

For the conventional control, the average and RMS values of
the charging current during the period from ts to te are:

IB(avg)(]EITA) = IB(lC)(l —D,+X- Dx) (16)

Igrms) JEITA) = Ig1c)y/1 = Dy + X2+ D, (17)

where Dy is defined in Fig. 4(a). Hence, the form factor of the
waveform for the conventional control can be further derived as

k;(JEITA) = —BGO \[’B(“g)“EITA) (1+X)—X>1(18)

IB(an)(]EITA) IB(IC)

For the proposed HTRCC control, due to the variations are
negligible during this short period, the average and RMS values
are equal. That is,

IB(avg) (new) = IB(rms) (new) =X IB(lC) (19)

where X is a coefficient between X and 1 (i.e., X<X;1<1). Thus,
the form factor of the waveform is unity for the proposed
control as

ke(new) =1 (20)

By substituting (20) into (15.3) and (15.4), it is easy to derive
that the coefficients A; and A, are identical for the proposed
control such that the minimum and maximum rates of the total
heat generation are equal.

Qtotal(neW) = RBlé(an) (new) + B1IB(avg) (new) (21)

The charging speed of the two methods can be compared via
the average charging currents of the batteries with the same heat
generation. Specifically, under the premise that the total heat
generation of the conventional control and proposed control are
equal (i.e., Qora1 JEITA) = Qyora1(new)), the control method
with a larger average charging current can indicate that the
charging speed of this method is faster.

To simplify the analysis, the ratio between Ig(,y,q) (new) and

. Ig(ave)(new
Ip(avg) JEITA) , ie., CSI= %
charging speed improvement rate. If the minimum charging
speed improvement rate (MCSI) is greater than one (i.e.,
MCSI>1), the proposed control can enhance the performance by

is defined as the



reducing the charging time, as compared to the conventional
control in JEITA guideline.

According to the analysis in  Appendix-A,
Ig(avg)(min) JEITA) , which is the average charging current

corresponding 10 Qiotaimin) JEITA) , is greater than
Ig(avg)(max) JEITA), which corresponds t0 Qotai(max) JEITA).
Therefore, the characteristics of MCSI is analyzed based on

Qtotal(min) (]EITA) = Qtotal(new) (22)
By substituting (15.1) and (21) into (22) yields

Al’é(avg) (min) (]EITA) + BI IB(avg)(min) (]EITA)
= RBllg(avg) (HEW) + B, [B(avg) (new) (23)

By substituting (18), (19) and (A2) into (23) to eliminate
IB(avg)(min) (IEITA), IB(avg) (new), and kf y|EIdS

W+ (Wi +4pRatBc)f (o ()|

MCSI(h) = Zf(h)(X1) (24)
where pzw , m=f:—1 , Wey=Q0Q-pa+
B B

X)RBIB(1C) + mRB s and f(h)(Xl) = RBIB(1C)X12 + mRBXl +
Rplg(1c)(1 — p)X. The subscript “h” refers to the case where
X1 is higher than X (X<Xi<1). According to the proof in
Appendix-B, the MCSI must be greater than one.

Similar derivation of MCSI for the cases in Figs. 4(b) and 5(b)

(case where 0<X;<X) can also be made as

W(l)+\/W(21)+4PRBIB(1C)X1f(l) (X1)

MCSIgy = TGS

(25)

where W(l) = (1 - p)XRBIB(lc) + mRg and f(l)(Xl) =
Rglg(1c)X1 + mRg. The subscript “I” refers to the case where
Xy is lower than X. Obviously, this MCSI is also greater than
one. Hence, the charging speed of the proposed control is faster
than that of the conventional control in the JEITA guidelines.
Simulations are carried out using Matlab to plot the curves of
the MCSI versus X; with the major parameters given in Table I.
According to the specifications of the battery, the 1C battery
charging current (i.e., Ig(1¢)) is 3.35 A. The coefficient X is set
to be 0.5 based on the practical routine. The internal battery
temperature is assumed to be 45°C (318.15 K). The parameters

p, Re, and W%(_Stc) of B; are determined based on the practical
measurements (as provided in Appendix-C). As the factor p
mostly lies in between 0.25 and 0.45 for the battery at different
SoC, two cases (i.e., p1=0.25 and p,=0.45) are studied,
respectively. The parameter m is constantly changing during the
charging process since the parameters B; and Rg are not fixed
values and can be affected by the temperature. m ranges from -
2 (i.e., 2200 o _2: By iS Negative) to 1 (i.e., 2129 ~ 1
RB(min) RB(min)
Bimax) iS positive), and is greater than 0 under most SoCs during

charge. Based on (23) and (24), the curves of MCSI versus X
with p=0.25 and p=0.45 are plotted in Fig. 9. Note that the
MCSis are greater than one for all the cases, indicating that the
proposed control can be faster than the conventional JEITA-
compliant control. Besides, since the parameters m can
significantly affect the MCSI, the coefficient X; needs a case-
by-case design. The optimal X; can be obtained by solving the
aMCSI
X, )
when the parameters p and m are determined. By comparing the
results in Figs. 9(a),(b) and Figs. 9(c),(d), the MCSI for a lower
current case (i.e., 0<X1<X) is more significant than that for a
higher current case (i.e., X<X;<1). This corresponds to the fact
that a higher ambient temperature condition for the battery
charging leaves only a small temperature increase margin.

partial derivatives of MCSI with respect to X; (i.e.,

TABLE |. MAIN PARAMETERS ADOPTED IN SIMULATION

Descriptions Value
1C charging current (i.e., Is1c)) 335A
Coefficient X 0.5
Internal battery temperature Ty 318 K
Factor p; 0.25
Factor p, 0.45
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Fig. 9. The curves of MCSI versus X;.
V. EXPERIMENTAL VERIFICATIONS

Experiments are conducted on the setup as shown in Fig. 10.
The Li-ion battery 3350mAh Panasonic NCR18650B is placed
inside the thermal incubator Binder KB53 for charging control.
The thermal incubator is manually tuned to keep the ambient
temperature at 32.4°C, 34.1°C, 44.2°C, and 44.6°C for the
battery charging processes. The battery surface temperature is
measured using a K-type thermocouple and fed back into the
digital controller, which is implemented using the Texas
Instrument’s digital signal processor (DSP) TMS320F28335, to
regulate the battery charging circuit. In the digital controller,



the two temperature references (i.e., Tcrrir and Terriz) and the
hysteresis band (i.e., Ah) are set to be 37.3°C, 45°C, and 0.7°C,
respectively. Both the outer continuous temperature control and
inner current control of the proposed HTRCC are implemented
by the conventional P1 control with the parameters of Kp(ouy=2.2,
K|(out):0.002, Kp(in):3, and K|(in):2000. The ambient
temperature, battery surface temperature, battery charging
current, and the battery terminal voltage (i.e., Tamb, Tsurf, i, and
vg) are measured by the Agilent 34970A Data Logger with
34901A Multiplexer at a recording rate of 1/s. All the
experiments are conducted on the batteries being rest for at least
1.5-hour after the full discharge. Thus, the initial SoC of the
batteries is set as 0% for comparison purpose. The practical
implementation of the battery charging circuit is depicted in Fig.
11. Two GaN half-bridge power stages LMG5200 are adopted
for the transmitter inverter. The self-inductances of the
transmitter and receiver coils are 48.38 uH and 48.38 uH,
respectively. The mutual inductance between the two coils is
8.52 uH. The compensated capacitances are 52.3 nF and 52.2
nF, respectively. The ESRs of the two resonators are 0.13 Q and
0.13 Q. The Schottky diode IN5822 with a forward voltage of
0.53 V is adopted for the passive rectifier. The filter capacitor
is 100 uF. A 0.1 Q high-current-low-resistance resistor
OMCTGHLV-R100JE167916 is connected in series with the
battery load for charging current sensing. A precision isolation
amplifier AMC1100 is adopted to adapt the voltage
requirement of the analogue-to-digital (ADC) input of the DSP.
The output of the K-type thermocouple is also amplified by an
amplifier OPA350 to meet such a requirement.

Agilent 34970A
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Fig. 11. Practical Implementation of the battery charging circuit.

Fig. 12 shows the waveforms of the measured temperatures,
charging currents, and estimated SoC of the batteries under
Tamv=34.1'C for both control methods. The ambient
temperatures are well-regulated by the thermal incubator. Since
the ambient temperature is below 37.3°C, the charging current
of the conventional control follows the JEITA guidelines to
track the alternative references of 1C (i.e., 3.35 A) and 0.5C
(i.e., 1.675A). Accordingly, the battery surface temperature
fluctuates within the hysteresis band from 36.95°C and 37.65°C.
The SoC of the battery being charged by the conventional
control is estimated and plotted in Fig. 12(c). The conventional
control needs 68.08 minutes for the battery to reach the SoC of
70%. The charging current of the proposed control is between
1C (i.e., 3.35 A) and 0.5C (i.e., 1.675A), as shown in Fig. 12(b).
The corresponding battery surface temperature slightly variates
between 37°C and 37.3°C within the hysteresis band at steady
state. The SoC of the battery being regulated by the proposed
control is also estimated and plotted in Fig. 12(c). The proposed
control only requires 64.07 minutes for the battery to reach the
SoC of 70%. Compared to the conventional control, the
charging speed is improved by about 5.9%.

The waveforms of the measured temperatures, charging
currents, and SoC (estimated from the measured charging
current according to CCM in equation (1)) of the batteries under
Tamv=44.2°C for both control methods are shown in Fig. 13. The
ambient temperatures are also well-regulated by the thermal
incubator. In this case, the ambient temperature is above 44.2°C.
Hence, the charging current of the conventional control is
changed between 0.5C (i.e., 1.675 A) and 0. The corresponding
battery surface temperature fluctuates within the hysteresis
band from 44.65°C and 45.35°C. The battery with the
conventional control takes about 158.94 minutes to reach the
SoC of 70%, as can be seen from the results in Fig. 13(c). The
charging current of the proposed control is between 0.5C (i.e.,
1.675 A) and 0, as shown in Fig. 13(b). The corresponding
battery surface temperature slightly variates between 44.9°C
and 45.2°C within the hysteresis band. The battery with the
proposed control takes only about 131.1 minutes to reach the
SoC of 70%, which means that the charging speed of the
proposed control is enhanced by about 17.52% as compared to
that of the conventional control.
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Fig. 12. Measured temperatures, charging currents, and SoC of the batteries
under the ambient temperature of 34.1°C.
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Fig. 13. Measured temperatures, charging currents, and SoC of the batteries
under the ambient temperature of 44.2°C.

Experiments are also conducted under the ambient
temperatures of 32.4°C and 44.6°C. The estimated SoC of the
batteries for these two cases are plotted, as shown in Fig. 14.
For T.mp=32.4°C, the charging time of the conventional control
is about 52.58 minutes to reach 70% SoC, while that of the
proposed control is about 50.97 minutes. The charging speed is
improved about 3.1%. For T.m=44.6"C, the charging time of
the conventional control is about 338.46 minutes to reach 70%
SoC, while that of the proposed control is only about 206.16
minutes. The charging speed can be improved about 39.09%.
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Fig. 14. Estimated SoC of the batteries under (a) T.mv=32.4C and (b)
Tamb=44.6"C.

To indicate the charging speed improvement more explicitly,
the RMS and average values of the charging currents under the
four different ambient temperatures are normalized by the
respective average currents of the proposed control as the
variables of the y-axis in Fig. 15. Meanwhile, the average
current of the proposed control is normalized by the 1C
charging current (i.e., 3.35A) as the variables of the x-axis (i.e.,
X1) in Fig. 15. The normalized average current of the
conventional control is smaller than that of the proposed control
(less than one) for each temperature. Besides, the differences
between the normalized RMS values and average values of the
proposed control are much smaller than those of the
conventional control. By taking Tamp=44.2°C as an example, the
average charging current of the proposed control is about 0.3 C
(i.e., 1A) and the corresponding RMS value is only about 1.02
times (i.e., 1.02A) of the average value. On the other hand, the
average charging current of the conventional control is about
0.81 times (i.e., 0.243C, equivalent to 0.81A) that of the
proposed control. The corresponding RMS value is about 1.395
times (i.e., 1.13A) of its own average value. These observations
indicate that the proposed control needs less charging time than
the conventional control when the heat generations are equal
under different ambient temperatures. The same conclusion can
also be drawn from the normalized charging time of the two
control methods under the four different ambient temperatures,
as shown in Fig. 16. Since the charging time of the two control
methods are normalized by the charging time of the proposed
control, the normalized charging time of the proposed control
in Fig. 16 are all ones. Apparently, the normalized charging
time of the conventional control is longer than that of the
proposed control. Furthermore, the difference between RMS
and average values of the conventional control become more



significant when the ambient temperature increases, as shown
in Fig. 15. This indicates that the charging speed improvement
is more prominent when the battery is charged in a higher
temperature environment. The same conclusion can also be
drawn from the comparisons of the form factors between the
two control methods in Fig. 16. The ratios of the form factors
(i.e., form factor of the conventional control over that of the
proposed control) are greater than one and this ratio increases
when the ambient temperature rises. It is demonstrated that the
charging speed of the proposed control improve about 25% and
66% as compared to the conventional JEITA-compliant control
at Tamy=44.2°C and Tamp=44.6"C.
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Fig. 15. Normalized RMS and average values under different ambient
temperatures.
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VI. CONCLUSIONS

This paper presents a new Li-ion battery charging control
strategy, namely the hybrid temperature-regulated current
control (HTRCC), that can achieve higher charging speed than
the existing JEITA-compliant control adopted in the industry.
The proposed HTRCC is designed with the basis of the discrete
temperature-regulated current control (DTRCC) of the JEITA
guidelines, but it upgrades the explicit control law to a
continuous control in the hysteresis band. Experimental results
based on the 3350mAh Panasonic NCR18650B have confirmed
that the proposed control can significantly shorten the charging
time, and the improvement is more prominent for a higher
ambient temperature (e.g., 66% charging speed improvement at
the ambient temperature of 44.6°C). Besides, some other
important conclusions can also be drawn as the supplement for
the development of industrial battery charging guidelines:

1. The average battery charging current can be adopted as the
key indicator for the battery charging speed. A higher

average charging current can result in a faster battery
charging.

2. Boththe RMS and average values of a charging current can
influence the dynamics of the battery temperature. The
irreversible heat is determined by both values, whereas the
reversible heat is only affected by the average value. Since
the irreversible heat is dominant for most Li-ion batteries,
the RMS value plays a significant role in the total heat
generation.

3. The form factor of the charging current is an indicator for
the charging speed of the control method. The charging
current of a control method with a smaller form factor can
lead to a faster battery charging. Because the form factor of
the proposed control is one, it must be faster than the
conventional control in the JEITA guidelines.
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APPENDIX

A. Derivations of MCSI

Based on (15.1) and (15.2), the second partial derivatives of
Qtotal(min) AN Qotal(max) With respect to Ig(,yg) Can be derived
as

az ) .

O Croral(min) _ 54 (26.1)
Olg(avg)

P totaitman) _ 54 (26.2)

aIlgv(avg)
Due to the form factor is positive, the coefficient A, in (15.4)
must be greater than the coefficient A; in (15.3). Therefore, the
second partial derivatives of Qtotal(max) is greater than that of
Qtotal(min)- Then, the curves of Qtotal(min) and Qtotal(max)
Versus Ig(ayg) Can be plotted as shown in Fig. 17. Obviously, for
the same rate of total heat generation, the average charging
current Ig(ayg)(min) 1S greater than Igyg)max)- Therefore, the
MCSI can be calculated by using Ig(vg)min) rather than
IB(avg)(max) as
Mcs = —Baetew)
IB(avg)(min) JEITA)

Qtotal

@7)

max min

|
|
|
|
s

Y I B(avg)
0o | B(avg)(max) | B(avg)(min)

Fig. 17. Curves of Qyora1 VErsus lp(yy)-
B. Proof of MCSI Being Greater Than One

Theorem 1: For 0<X<1, X<Xi<1l and 0<p<1, the MCSI is
greater than one.



Proof:

For the investigated battery charging system, the three
conditions in the Theorem 1 are satisfied. Thus, the Theorem
1 is validated only if

MCSI > 1 (28)
By substituting (24) into (28),
2
[W(1C)+\/W(IC)+4pRBIB(1C)f(1C)(X1) Xy o1 29)
2f(10)(X1)
By simplifying (29) yields
X2-(1+X)X +X<0 (30)

Due to X<X1<1, the equation (A5) always holds. Therefore, the
Theorem 1 is verified.

C. Determining Key Parameters for MCSI Based on Practical
Measurements

The parameters p and Rg are obtained via numerous tests and
fitting technique under three battery surface temperatures (i.e.,
25°C, 35°C, and 45°C). It is noted that the general electrical and
thermal models of the battery are obtained based on multiple
measurements on two different cells. The battery is charged to
a designated SoC and then put to rest. The measured data and
fitting curves are presented in Fig. 18 The SoC of the battery is
estimated based on the CCM in (1).
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Fig. 18. Measured and fitting values of p and Rg for the NCR18650B.

Besides, the entropy coefficient W‘;C—(isr:c) for different SoC of
the battery can be obtained by altering the temperature at a fixed
SoC and then calculating the corresponding voltage change
with respect to the temperature change. The curve of%(:zo
versus SoC of the battery is plotted as shown in Fig. 19.

<
-~
2
—
°
>
T4 —Fitting Curve
5 o Measurement
0 20 40 60 80 100

SoC (%)

Fig. 19. The curve of the measured entropic coefficient versus SoC.
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