IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 56, NO. 7, JULY 2009

2469

A High-Efficiency Multimode Li—Ion Battery
Charger With Variable Current Source and
Controlling Previous-Stage Supply Voltage

Jiann-Jong Chen, Fong-Cheng Yang, Chien-Chih Lai, Yuh-Shyan Hwang, and Ren-Guey Lee, Member, IEEE

Abstract—A high-efficiency multimode Li-Ion battery charger
with variable current source and controlling previous-stage supply
voltage is presented in this paper. Using variable current source
can achieve the goal of constant-current mode to charge the
battery and control previous-stage supply voltage which could
increase the efficiency of the multimode battery charger. More-
over, the charging mode adopted in this charger is applied by two
types of dual-mode strategy decided by the value of the equivalent
series resistance of the Li-Ion battery. This technique will reduce
the damage of Li-Ion battery. The Li-Ion battery charger is
designed with 0.35-pm CMOS double-poly four-metal processes.
The experimental results show that the charger works well and
the theoretical analysis can be confirmed. The average power
efficiency of the multimode Li-Ion battery charger can be up to
91.2% under the average power of 1.24 W, and the accuracy of the
adaptive reference voltage is up to 97.3%. The chip area is only
1.32 x 0.95 mmZ2.

Index Terms—Adaptive reference voltage, Li-Ion charger,
variable current source.

I. INTRODUCTION

HE POWER management IC is necessary for standby

power of portable devices, such as cellular phones and
personal digital assistants. This development has resulted in the
increased demand for Li—Ion batteries. Several Li—Ion battery
chargers based on bipolar junction transistors and BiCMOS
charger ICs have been developed [1]-[4], so we try to design
a Li—Ion battery charger used with a standard CMOS process
to satisfy the demand. There are many battery strategies which
have been proposed, such as constant trickle current, constant-
current charge strategy, and constant-current/constant-voltage
charge dual-mode strategy [5]. For reducing the damage of the
battery, we adopt the strategy of the constant trickle current.
However, it takes too much time to charge the battery, also
called “the overnight charger.” In order to save charging time,
the second strategy is proposed. Using a larger charging current,
it corrects the disadvantage of the first strategy and saves
charging time efficiently. If the battery voltage is reaching the
predicting level, the charging process is off, and the charging
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current is reduced to zero. However, the Li—Ion battery has dif-
ferent equivalent series resistance (ESR) in the whole charging
process. If we offer excessive current to the battery with larger
ESR, the battery could be overheated, so the damage of the
battery can be probably made. For the reasons stated above, the
constant-current/constant-voltage dual-mode strategy reduces
the effectiveness of the drawbacks of other strategy. Fig. 1
shows the charge curve of the third strategy [6]. As shown in
Fig. 1, if the battery voltage is less than Vi, the ESR of the
Li—Ion battery is large. The trickle constant current is needed
to charge battery. At this moment, the charger must be operated
in constant-current mode. If the battery voltage is greater than
V1 and less than Vy, the Li—Ion battery has small ESR. We
can use larger constant current to charge it. In this situation,
the charger is also operated in current mode. Eventually, if the
battery voltage is greater than V41, we use constant voltage to
charge the battery and the charger is operated in voltage mode
until the charging current is lower than (1/40) % C/1 h, (for
1 C = 1000 mA -hand 1 h = 1 h) [7]. It means that the Li—Ion
battery can achieve full capacity and the entire process can
also be completed. Generally speaking, the charging time of
constant-voltage current is a short time, so the V. is very
close to V.

There are many battery chargers which have been pre-
sented in [10]-[22]. When the battery charger is designed with
switching-mode power supply (SMPS) converters, the passive
elements are too huge to put them into the chip. Also, the
battery chargers based on the switched-capacitor (SC) topology
have the same problem, so the performance of power efficiency
is not as good as expected [10]. There are some previous works
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Fig. 2. (a) Traditional battery charger architecture. (b) Architecture of the
proposed Li—Ion battery charger.

designed with the architecture of low-dropout (LDO) voltage
regulator. Because the power source is a constant voltage in
[1]-[4], and [6], the major problem of these chargers is low
power efficiency in the initial process. Based on all of the afore-
mentioned drawbacks, we proposed a method to implement a
battery charger which uses variable current source and controls
previous-stage supply voltage at the same time to increase the
power efficiency in the battery charger stage. In this paper, the
description of Li—Ion battery charger system will be included in
Section II, and the stability analysis is shown in the Section III.
The simulation and experimental results of charger are shown
in Sections IV and V, respectively. Finally, the conclusions are
made in Section VI.

II. CIRCUIT DESCRIPTIONS
A. Benefit of the Adaptive Reference Voltage

The general architecture of Li—Ion battery charger shown in
Fig. 2(a) consists of the ac—dc converter and battery charger. In
the traditional battery charger, the ac—dc converter is indepen-
dent of the battery charger which is composed of the SMPS, SC
or LDO topologies. Equation (1) shows the power efficiency of
the traditional SC and LDO battery charger

Vbattery Icharge ~ Vbattery

1
Voo (D

n VDD (Iq + Ichargc)

If the I, is the quiescent current of the control circuit [8],
it is usually much smaller than the charging current Ioparge.
Therefore, the efficiency is almost Vi, ¢tery over Vpp. The Vpp
is constant, so the 7; is quite low in the initial process, and
this is a serious shortcoming in the charger which uses SC or
LDO topology. On the other hand, the variable current source
circuit shown in Fig. 2(b) can produce an adaptive reference
voltage, and it can control the output voltage of the ac—dc
converter to keep the charger in high power efficiency for the
whole time. Equation (2) shows the results of discussion above.
When Viagtery 18 changed, the Vpc follows the Viagtery With
a fixed voltage (our preset value is 0.3 V). The 75 is shown in
(2), and the efficiency is increasing by variable current source.
Meanwhile, the proposed charger can also support constant-
current, and constant-voltage operational modes to charge a
Li—Ion battery

~ Vbattery o Vbattery
VDC Vbattery +0.3

~ Vbatterylcharge
VDC (Iq + Icharge)

2 2
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TABLE 1
CHARGING CONTROL CIRCUIT FUNCTION
Condition Ver | Viec | Vev | Venn | VW
Constant trickle current Hi Lo Lo Lo Lo
Constant large current Lo Hi Lo Lo Lo
Constant Voltage current Lo Lo Hi Lo Lo
Inip1 smaller than , )
(1/40)*C/Thr Lo Lo Hi Hi Lo
Process terminated Lo Lo Hi Hi Hi

B. Architecture of the Variable Current Source

In Fig. 3, it shows the architecture of the multimode vari-
able current source circuit that includes the control circuit,
input current circuit, current comparator, current sense circuit,
and adaptive reference voltage circuit. The Vpc is the output
voltage of the previous ac—dc converter, and the V; is used to
control Icparge Current to maintain constant charging current in
the different charging modes.

C. Charging Control Circuit

Continuously, Fig. 4 shows the charging control circuit.
When the battery voltage Viastery is less than V71, the battery
charger is operated in the constant-current mode with trickle
charging current; when V},attery is greater than Vi, and less than
Vi, the battery charger is operated in the constant-current mode
with higher charging current. When Viattery s greater than
Vi, the battery charger is in the constant-voltage mode. If the
charging current reduces to (1/40) = C/1 h, the V, will be high
and turn off the Power MOSFET transistors. Then, the charging
process is completed. As shown in Table I, the function of the
charging control circuit is described.

D. Input Current Circuit

Fig. 5 shows the input current circuits. The OP1 and Rrgr
are used to produce the accurate reference current to charge
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Li—Ion battery. The Vo, Vic, and Vv are control signals from
charging control circuits, and they can turn on or turn off the
switches in the corresponding charging phase.

The current Icr, Ic, and Iy are three kinds of the charging
current for the Li—Ion battery. The OP3 is used to isolate the
battery voltage, and we employ OP2 to make the Icy current,
and (3)-(6) show how to generate Icvy current

Vol = AVloaﬁctery [m}

~ 1+sCcRc1
= (VH Vbattery) |: SCCRCQ :| (3)

Iov = Ba(Vor —Vin)? 4

1+sCcR
Vo1 = AWattery [_ SC’CECQCI}

1 Rc: }
= > —AWattery | =———u(t)+ o(t
batt Y[CCRCQ () RCQ ()
1 Avaatter
> — AVbattery | ——=—u(t) | 2— —"2 5
batt y<CcRcz ()) CcRc2 |i~0 ©)
1 2
1 = n Vi _Va er 7""/
cv =0 [( H— Vbatt y)CcRc2 th:|
AVa er 2
~3 [bttuvth] . (6)
Coltca t>0

Fig. 6(a) shows the basic structure of the integrator, and
Fig. 6(c) shows its time-domain diagram. Generally speaking,
when V;, is getting larger than zero gradually, the V,,; is de-
creasing. Based on this phenomenon, we could utilize a simple
V —I converter for Fig. 6(a) to generate Iy current shown in
Fig. 6(d). Therefore, we could adopt an integrator and a simple
V —1I MOS to generate Icy current in Fig. 6(b). Continuously,
Fig. 6(b) shows the Iy generating circuit which is combined
with an integrator. From Fig. 6(b), we could get (3) and (4),
and we use the Inverse Laplace Transform to obtain (5). Next,
we replace (5) into (4) to get (6). Hence, if the AVyattery iS
becoming a negative value (it means the Vyattery is larger than
Vi), the Iy is decreasing gradually. Moreover, the Venp is the
output signal to be sent into the charging control circuit which is
shown in Fig. 5. If the Ip; is smaller than Icyrorr in Fig. 7,
the Mp and Mp; will be shut down.
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E. Current Sense Circuit

As shown in Fig. 7, we use the MOSFET transistor Mp to
replace the variable current source. According to the different
charging modes, the V, adjusts the gate terminal of Mp to
produce the exceptional charging current. Moreover, the Mp;
is used in the current sense circuit to sense the current on power
MOSFET Mp. We used the operational amplifier OP4 to make
the source-to-drain voltages, Vsp of Mp; and Mp be equal.
The currents of Mp; and Mp can be described as the following
equations:

1 Wi

Ivpr = 5%0%?{’11 [2 (Vsc — [Vinp|) Vap — V&] ()
1 Wi

Inp = §uncoxL—;’ [2(Vsg — |Vinp|) Vb — V] (8)

where pup is the mobility of a PMOS transistor, Coy is the gate
capacitance per unit area, and V;y,, is the threshold voltage of a
PMOS transistor. In this way, the power MOS is operated in
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the triode region to minimize the power dissipation on Mp.
Since the negative feedback of the operational amplifier OP4
will force the source-to-drain voltages Vsp of Mp; and Mp to
be equal, the Iy;p and Iyp; are almost proportional to their
aspect ratios. Their current ratio can be described as

Wpy
(Lpl) 1

=N

Ivip1

he (%)

In (9), the Iyip1 and Iyip make a ratio, and Ipip; is reduced
to 1/6000 of Iyip, proportionally. Another circuit is current
comparator which compares the input current with Iyip;. Then,
it produces a signal to control the gate of the power MOSFET,
by this control loop, the output charging current would charge
the battery in terms of our charging method, and for this reason,
it can make sure the power MOS Mp; to be a variable current
source, and we can use it to charge the battery in the different
constant current phases.

€))

F. Level Shift Circuit and Adaptive Reference Voltage

Shown in Fig. 8 is the level shift circuit. The level shift circuit
is applied in the complete charger circuit, as shown in Fig. 9.
We use the OP-based circuit to product a level shift voltage.
Meanwhile, we change the aspect ratios of M7, M5, M3, and
M to create an expected level shift (our preset value is 0.15 V).
In Fig. 9, we used two diode-connected PMOS transistors
and the level shift circuit to produce the adaptive reference
voltage Vyp. Moreover, we combined every function blocks to
construct the multimode variable current source circuit. Finally,
the adaptive reference voltage can be the Vrp shown in (10).
From the description above, we have already explained how the
variable current source circuit charges the Li—Ion battery in the
constant current phase.

After the constant current phase, the battery charger is op-
erated in the constant voltage phase, and we make the output
voltage of ac—dc converter Vpc to be the constant value and to
follow the battery voltage [23]. Eventually, the battery charger
can achieve the goals of constant voltage and high efficiency

1
Vi = §(Vbattery +0.3). (10)
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G. Flyback AC-DC Converter With Adaptive
Reference Voltage

From the above circuits, we describe the proposed multimode
variable current source circuit in detail. Then, we briefly intro-
duce the ac—dc converter and show how to control previous-
stage supply voltage. For the variable current source, the ac—dc
converter must fulfill several specifications.

1) The loop gain of a flyback converter that operates in dis-
continous conduction mode (DCM) is a one-pole system,
so we could easily compensate the whole system with our
proposal.

2) The flyback converter that operates in DCM mode has a
better power factor.

3) For our application, our charger has a lower loading
current for flyback converter (it compares with several
amperes), so it is easy to control under DCM mode.

For the reasons stated above, we use the flyback converter.

As shown in Fig. 10, it is the function block of the ac—dc
converter in the gray block and consists of the bridge rectifier,
flyback converter, error amplifier, compensator, and optical
coupler. The chip ICE2A0565Z produced by Infineon Tech-
nologies is used as a flyback controller [9], and it contains a
power MOSFET inside. The error amplifier and compensator
are used to compare the half of Vpc and adaptive reference
voltage Vrp in the meantime. It can control the output voltage
of the ac—dc converter to achieve the function of the adaptive
reference voltage for the variable current source circuit, and
we can maintain the Vgp of the power MOS Mp; to be a
constant value in the whole charging time for reducing power
dissipation on Mp;. The purpose of the optical coupler is to
isolate the noise and separates the input and output side. The
advantage is that the signal is unidirectional, without loading
effects. The functions of the blocks are introduced separately
in the above figure. The components of the ac—dc converter
are described later in this paper. The detail ac—dc converter
is shown in Fig. 11. The ac input is 110 V (rms), and the
bridge rectifier can convert ac input to a dc output with ripple.
The dc value is about 155 V. The next one is the transformer,
and it is used to transfer dc voltage from the primary side to
secondary side, like Vpc, Voc sv, and Vee 1sv. The Vpe
provides the controllable supply voltage to the battery charger
for high power efficiency. Meanwhile, the Ve sv supplies
constant voltage to the operational amplifier LM358, optical
coupler PC817, and the other auxiliary components. The last
one is Vo _15v that affords the supply voltage to the flyback
controller chip ICE2A0565Z. This chip has the function of
current sensing, so it could operate in the boundary condition
and detect overcurrent at the output terminal.

III. STABILITY ANALYSIS

In order to analyze the stability for the charger, we must
establish the small-signal model of the variable current source
circuit with adaptive reference voltage.

A. Frequency Response of Flyback Converter Operated in
DCM Mode

In proposed circuit, we adopted the DCM flyback controller
in the front-end ac—dc converter. In Fig. 12, the small-signal
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model is shown for the entire battery charger. The transfer
function G4 (s) is the transfer function of the flyback converter
operated in DCM mode, and is shown as follows [13]:

Gya(s) = Kua (1 _ wzerP) (1 + *)

) ()
where K,q = (Vac/nVk) and k = (2Lf,/Ry)
wmzﬁ%f (12)
wpa = L(ETDQ (13)
woRHP = W’iﬁil) (14)
oo = Tclo (15)

where M = (VDC/VAC) = nD(l/\/E)

According to (11), there are two zeros and two poles in the
transfer function, where V¢ is the rms value of the ac input
voltage, n is the ratio of the transformer, L is the inductance
of the transformer, C' is the output capacitor of the flyback
converter, f is the switching frequency, r. is the ESR of the
output capacitor, and Ry, is the equivalent output impedance
of the ac—dc converter. In (12) and (13), wp2 and w,rup are
much greater than the other poles and zeros, so we can neglect
them in the Gyq(s). To simplify the analysis in the next step,

we neglect the w,. in the Gyq(s). At last, (11) is simplified to
(16) and shown in Fig. 12(a)

1

(1+ )

B. Frequency Response of Variable Current Source Circuit

Gvd(s) = de (16)

Continuously, two parts are separated in this charging mode:
one is the constant current mode and the other is constant
voltage mode. In the constant current mode, we could calculate
the inner open-loop gain as

inner open-loop gain
1
= ﬁlec(s)7Gvd(3)
M
_ 11+SCF1RFIL 1
2 SCFlRFQ VM vd (1 + L)
Wp1
1+ sCr1Rp1 1
=K' 17
Y4 sCp1 Rpo (1 + L) {17)

pl

where K ; = (1/2)(1/Vm) Kya.

The voltage V} is the coefficient of the pulsewidth modula-
tion modulator in the flyback DCM controller, and we preset
01 =1/2. In Fig. 12(b), (18) shows the inner closed-loop
gain Th(s)

GVC(S)ﬁGVd(s)
1+ ﬁlec(S)ﬁGvd(S)
2K’ —1

(o)

14+5CF1 Rpy 1
d sCri1Rr2 (1+L)

wp1

1%

closed-loop gain =T5(s)

T+ K

_ 2SCF1RF2 (18)

() ()

where w,; = (K 4/Cr1Rr2) and wpy = (2/RLC).
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(d)

In Fig. 12(c), the input current /pc compares with feed-
back current Icharge/NN, which is sensed from the charging
current Icparge. The output voltage can control the gate of the

Variable Viattery
Current Source = I X
Circuit charging
]
Vv +5V Vee s Adaptive
J_ ® ° 7805 g CC5V Reference
T T LED_RED Voltage
Vi
1/2Vpe

power MOSFET, V;, to maintain the constant charging current.
According to Fig. 12(c), (19) is accomplished. Finally, the
transfer function 7} () is concluded by (20)—(22) to confirm the
theorem

1 Lcharge 1
‘/OUt (8) =" Y9mp |:<Rg//scyg> % _VDC (5):| (Resr"‘ SC’B>
(19)

where the g, is the transconductor of the Power MOSFET M,

open-loop gain = (oTs(s)T1(s)
25Cr1 Ry

1+2) (1+ )
pl p2
25Cr1 Rra Vout(s)
s s \% cl\Ss
(1+ “’1;1) (1+ “”1/92) b ( )
‘/out

(Resr + —SéB)
Vout(s)
T =——"
1(5) VDC(S)
gmp<SCBResr + 1)

sCp (1+ 2251 4 sCyRy )

Tl(S)

:52(

1
=3 (20)

Icharge = (2] )

(22)

C. Frequency Response of Whole System

In the next step, we calculate the transfer function of the
multimode Li—Ion battery charger and add the transfer function
T5(s) of the flyback with DCM control to complete the total
transfer function. Eventually, the entire transfer function with
constant-current mode is shown in (23). Fig. 13 shows the
frequency response for the constant current mode

loop gain
~ 1 2SCF1RF2 gmp(SC’BResr + 1)
2 (1+w§ ) <1+w? )sOB (1+%+ngRg)
"L Ce (5ChRew + 1)
1+ 22efs Cp (1 n jl) (1 + -3 )
P

7
UJPZ

= gmpRF2 (23)

where w,; = (K{4/Cr1Rr2) and wy,, = (2/R.C).
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Fig. 21. Curves of the battery and adaptive reference voltage for the output of
the ac—dc converter.

In the constant-voltage charging mode, because the voltage
of the system is stable in the constant voltage mode, shown in
Fig. 12(d), we consider the variation of the charging current
only. The result is shown in (24). In (24), there is a single
pole in the transfer function, so it is an unconditionally stable
system. Meanwhile, Fig. 14 shows the frequency response for
the constant-voltage mode

Charge(s) ( g// ) |: C}}?\ﬂb;ge _ICV(S):| =
charge(s) gmpR N 1

- . (24)
ICV( ) N+gmp 1+SC (;:Wg)
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TABLE II
SPECIFICATIONS OF THE PROPOSED CHARGER
Technology TSMC 0.35um 2P4M
Power supply voltage 2.3-45V
Average power consumption 1.24W
Average power efficiency 91.2%
Output voltage 2.0V-42V
Maximum switching frequency 100k Hz
Maximum charging current 698mA
Vy voltage 42V
VL voltage 29V
Chip area (including PAD) 1.32 mm x 0.95 mm

In the whole charging time, the constant-current phase usu-
ally takes many time to charge battery (it usually spends
several minutes.), so the unit-gain frequency in CC phase is not
needed to be wide. In fact, the stability in battery charger is
more important than the bandwidth. If the phase margin is not
good enough, it is possible to fail to control over the Vpc (the
supply voltage of the variable current source circuit). Therefore,
the system in constant current mode is stable and shown in
Fig. 13. Continuously, in the constant-voltage mode, we use
the Icy generating circuit to produce the /¢y and send it into
the charger to charge the battery, so the charging current could
be decreasing gradually. Moreover, we use the digital way to
switch the CC and CV mode. When the CC mode changes to
CV mode, it must be very fast. Otherwise, it maybe produces
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TABLE III
COMPARISON SHEET
Parameter 2007 [10] 2007[11] 2005 [16] 2006 [17] This work
Technology TSMC 0.35pm 2P4M NA NA AMI 0.5um technology TSMC 0.35pum 2P4M
Power supply voltage 5V 24V 3.9V 2.7-4.5V 2.3-45V
Average power consumption 837mW NA NA NA 1.24W
Output voltage 42V 10V 2.5-42V 2.5V-42V 2.0V-4.2V
Maximum switching frequency 10MHz 18kHz 20kHz 600kHz 100kHz
Maximum charging current 694mA 2A 1A 800 mA 698mA
Chip area (with PADs) 1.455mm x 1.348mm NA NA NA 1.32 mm x 0.95 mm
Average power efficiency 67.89% 84% 55% 85 % 91.2%

the spike current to damage battery between CC and CV mode.
Consequently, the response of the CV mode must be quite fast,
and Fig. 14 confirms this theory.

IV. SIMULATION RESULTS

The simulation results of the proposed charger using HSpice
are shown in Figs. 15-18. The signals of control circuit are
shown in Fig. 15, and the supply voltage varies by the voltage
level of the battery. The simulation results of sensing current
and measured current in the current sensing circuit are con-
firmed with theoretical analysis, shown in Fig. 16. In Fig. 17,
it shows the Icy current from Fig. 16. As shown in Fig. 18,
the waveform is the battery voltage variation during charging
interval. In the initial condition, it is supposed that the battery
is in the low capacity (the preset value is 2.7 V). The power
supply of the charger is 3 V, and the battery voltage changed
from 2.7 to 4.2 V. The maximum output current is 710 mA, as
the output voltage of the battery is over 2.9 V and under 4.2 V.
The current always keep constant, and that is very suitable
current for charging into Li—Ion batteries as the battery voltage
under 4.2 V. On the other hand, there are three kinds of currents
during charging interval in Fig. 18. The first phase shows the
small current due to large internal resistance of battery. The
second phase shows the large current due to the small internal
resistance of battery. The first and second phases are both
constant-current modes for the purpose of rapid charging. The
third phase is constant-voltage mode operation to prevent the
battery from damages. In this phase, the battery is almost full.
The average power efficiency can achieve 91.2%.

V. EXPERIMENTAL RESULTS

To verify the circuit performance of the charger, the proposed
converter is designed and implemented with 0.35-um CMOS
double-poly four-metal processes. The photograph of the pro-
posed converter is shown in Fig. 19. The experimental results
of the proposed charger which can support the output current
Icharge as the charging current are shown in Fig. 20. We plot
some measured points versus simulation result in Fig. 20.

Fig. 21 shows the curves of the battery and adaptive reference
voltage for the output of the ac—dc converter. Fig. 22 shows
the adaptive reference voltage versus accuracy. It means the
adaptive reference voltage is more accurate, the battery voltage
is located in our desired level. If the adaptive reference voltage
is not accurate, the battery maybe is not totally charged or

overcharged. Fig. 23 shows the efficiency of the entire system.
In particular, when the accuracy of the adaptive reference volt-
age is better, the power efficiency is much higher. Finally, we
summarize the measured specifications of the proposed Li—Ion
battery charger in Table II. Then, we compare the performance
of the proposed charger with other battery chargers and list
the comparison table in Table III. The power efficiency of the
proposed charger is 91.2%, and it is greater than the others.

VI. CONCLUSION

In this paper, a high-efficiency charger using the variable
current source and controlling previous-stage supply voltage
has been developed by implementing 0.35-um CMOS double-
poly four-metal processes. From Fig. 23, we can understand
an important phenomenon: that the greater accuracy of the
adaptive reference voltage can make the higher efficiency of the
entire system. The main advantages of this scheme is threefold.

1) We realize a multimode Li—Ion battery charger to charge
a Li-Ion battery efficiently by controlling previous-stage
supply voltage.

2) This paper results show this proposed charger operated
in constant-current/constant-voltage dual mode can have
higher power efficiency and its average efficiency is
91.2%.

3) The adaptive reference voltage is more accurate, the
battery voltage is located in our desired level, precisely. If
the adaptive reference voltage is not accurate, the battery
maybe is not totally charged or overcharged.
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