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A Li-Ion Battery Charger With Smooth Control
Circuit and Built-In Resistance Compensator for
Achieving Stable and Fast Charging

Chia-Hsiang Lin, Chun-Yu Hsieh, and Ke-Horng Chen, Senior Member, IEEE

Abstract—A built-in resistance compensator (BRC) technique is
presented to speed up the charging time of a lithium-ion battery. A
smooth control circuit (SCC) is proposed to ensure the stable tran-
sition from the constant-current (CC) to the constant-voltage (CV)
stage. Due to the external parasitic resistance of the Li-ion bat-
tery-pack system, the charger circuit switches from the CC to the
CV stage without fully charging the cell. The BRC technique dy-
namically estimates the external resistance to extend the CC stage.
The experimental results show that the period of the CC stage can
be extended to 40% of that of the original design. The charging
time is effectively reduced.

Index Terms—Built-in resistance compensator (BRC), charger,
fast charging, Li-ion cell, smooth control circuit (SCC).

1. INTRODUCTION

OWADAYS, portable devices have become the main
N applications of advanced technical products. Due to their
small size, lightweight, and rechargeability, Li-ion batteries
are well suited to portable electronic manufactures such as
cell phones and PDAs [1]. Moreover, Li-ion batteries can
store much more energy than Ni—Cd batteries with the same
weight and volume. However, the life cycles of Li-ion batteries
are easily affected by undercharging or overcharging [2], [3].
The reason is that overcharging may damage the physical
component of the battery. On the other hand, undercharging
may reduce the energy capacity of the battery. Thus, to prevent
the battery from overcharging, the charging process needs to
switch from the constant-current (CC) to the constant-voltage
(CV) stage in order to charge the battery by a degrading current
[4], [5]. However, this decision to switch from the CC to the
CV stage is a serious issue for the charger because the external
resistance, which may vary from 150 to 300 m{2 according to
related documents on the Li-ion cell battery, may cause the
operation mode between the two stages to switch backward and
forward. If the transition time is too early, the charging current
drastically decreases, and thus, the charging time of the Li-ion
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battery is prolonged. Contrarily, if the transition time is too
late, the large charging current may cause the battery voltage
to become too high, thus damaging the battery. In other words,
the suitable transition time of the two stages affects not only
the charging time but also the life-cycle times of the battery.

In the conventional design of a charger, the transition time
of two stages is decided by the result of the comparator when
the voltage at the output of the charger is higher than a prede-
fined value. The comparator switches the operation stage from
the CC to the CV stage when the voltage at the output of the
charger is raised to the default value. However, this specified
voltage level of the Li-ion battery pack varies with the charging
current due to the voltage drop across the external resistance. It
is very difficult to define the transition voltage level because the
voltage drop varies with the values of the charging current and
external resistance, which, in turn, varies with the structure of
the Li-ion battery pack. Furthermore, the external resistance is
also temperature dependent. That is, the value of external resis-
tance increases when the temperature of the Li-ion battery pack
increases. This is a hindrance to accurately predict the correct
transition voltage[6], [7]. It implies that the usage of a com-
parator to determine the entrance point of the CV stage is not
adequate.

As shown in Fig. 1, the battery-pack system includes a Li-ion
cell, protection circuits, and the external resistance [8]. The pro-
tection IC includes the circuits for overcharged protection, over-
heated monitor, and so on. In the charging process, the existence
of external resistance prolongs the charging time. Obviously, the
external resistance includes contacts, fuses, PCB trace wires,
and cell resistance. Fig. 2 shows the conceptual schematic of
the whole Li-ion battery-charging system. How to reduce the
effect of external resistance is the main concern of the proposed
method. Therefore, the components of the battery pack are rep-
resented by series resistance, while others are neglected. The
charger IC is simply reshown inFig. 2. Resistors R; and R are
used to feed back the battery voltage. The final voltage level of
the battery is regulated by operation amplifier VA. The voltage at
the battery cell (VgaTo) is smaller than that at the output of the
charger. Certainly, it is very difficult to predict when the Li-ion
battery cell is fully charged precisely owing to the external resis-
tance. Therefore, a smooth control circuit (SCC) and a built-in
resistance compensator (BRC) are proposed in this paper for the
stable and fast charging of the Li-ion battery.

The fundamental charging process is described inSection II.
Furthermore, the SCC is presented to ensure the smooth tran-
sition between two different charging stages. Section III intro-
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Generally speaking, the charging process of a Li-ion battery
charger is divided into three charging stages, namely, trickle-
current (TC), CC, and CV stages, as listed in Table I. The rate
of charge or discharge is expressed in relation to the capacity
of the battery. This rate is the so-called C-rate and equates to a
charge or discharge current. When a battery is discharged at a
C-rate of one, the battery consumes the nominal-rated capacity
by discharging a current of 1 A in 1 h. If voltage Vg o is smaller
than the specified voltage Vrpr (normally 2.5 V), the charger
starts from the TC stage with a trickle charging current to avoid
damage due to the large charging current on the battery. Once
the value of Vpar is larger than that of Vygp, the charging
process is switched from the TC to the CC stage. The charger
operates at the CC stage with a constant and large driving cur-
rent until the value of Vp o7 exceeds that of Vpypr, (normally 4.2
V), which is a predefined transition voltage, thereby entering the
CV stage. The charger then charges the cell in degrading cur-
rent to the full capacity until the process stops. There are two
methods to terminate the charging process. One is monitoring

the minimum charging current at the CV stage. The charger
completes the charging process when the charging current is de-
creased to the specified range. To finish the charging process,
the other one is based on the maximum charging time[9]. In the
proposed design, the charger adopts the first method to terminate
the charging process when the charge current is diminished to
0.05 C.

A simplified diagram of a Li-ion battery charger is shown in
Fig. 3. Referring to Fig. 2, resistance Rpack is defined as

Rpack = RconTtacT + Rrusk + Rpces

+Reontact + RFeT + Rpep + Reen- (1)

When the charger operates at the TC and CC stages, the bat-
tery is charged with a constant current decided by the values of
Vser andRggr. That is, the closed loop is established by the
amplifier (MA) and OTA (CA) [10]. Thus, the value of Vg is
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Fig. 3. Structure of a basic charger circuit [11].

close to that of Vggr through the virtual short of CA. Further-
more, the value of Vsgr at the TC stage is set relatively smaller
than that at the CC stage. The charging current at the TC stage
is smaller than that at the CC stage to precharge the cell. The
trickle current at the TC stage protects the battery from being
damaged under a low-battery-voltage condition. When the bat-
tery is charged to an adequate voltage of 2.5 V, the charging
process is switched to the CC stage automatically. Once the
charging process enters the CC stage, the voltage drop across
R, immediately increases because the charging current at
the CC stage is larger than that at the TC stage. Thus, the bat-
tery voltage increases to a value above the 2.5-V transition level.
The charging process enters the CC stage and never comes back
to the TC stage again if the charging process continues, and the
voltage of the cell drops below 2.5 V.

Similarly, the charging current at the CC stage is larger than
that at the CV stage. This means that much energy is rapidly
stored in the battery during the CC stage. When the battery
voltage reaches the rated voltageVryrr, (4.2 V), the operating
process is switched to the CV stage. However, it is too early to
enter the CV stage because the battery voltage is the summation
of the voltage at the battery cell (Vparo) and theVy,,, voltage.
At the CV stage, operation amplifier VA with Mp, R1, and R
acts as a linear regulator and generates a gradually decreasing
current, which may minimize the possibility that the charger will
be switched between the CC and CV stages. However, the dis-
appearance of the large V., voltage at the CV stage still causes
the charger to have an unstable condition, as conceptually shown
in Fig. 4.

The comparator, which compares the voltage at the battery
pack and the predefined voltage Vpyrr, causes the early en-
trance of the CV stage. In Fig. 4, point X represents the voltage
at the battery pack (Vpar), and point Y stands for the voltage at
the battery cell (VeaTo). The output of the comparator can de-
cide the transition point of the charging stage but cannot account
for the effect of external resistance when the predefined rated
voltage Vrurr is set to 4.2 V. Furthermore, due to the gradually
decreasing charging current, to avoid overcharging, the voltage
at the battery pack (Vgar) will become smaller than the pre-
defined rated voltageVryrr,. At this time, the charging process
comes back to the CC stage once again because the voltage at
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Fig. 4. Waveform of the unstable transition between the CC and CV stages due
to the Va.op voltage of the battery pack.

the battery pack is decreased to point Z in Fig. 4. The oscilla-
tion will continue many times until the voltage at the battery cell
is close to the rated voltage Vryrr. The hysteretic comparator
is often used to avoid the aforementioned problem. However,
the range of hysteresis is the key factor of the design. The drop
inVpar is decided by the charging current and external resis-
tors. If the range is too large, the charger enters the CV stage
too early, and the charging time is prolonged relatively. Con-
trarily, if the range is too small, the hysteresis is useless to help
avoid the oscillation. There are two disadvantages that exist in
the aforesaid charger design. One is the longer charging time
due to the early entrance of the CV stage. The other one is the
unstable transition between the two stages.

In an attempt to minimize the error due to the external resis-
tance in the Li-ion battery-pack system, commercial charger cir-
cuits use external compensation resistors to compensate for the
Varop voltage[12]. The major disadvantage is that the module
of the charger is too large to be compact for portable devices.
Moreover, compensation resistors cannot be adapted to the vari-
ations in external resistance in the Li-ion battery-pack system
due to the thermal effect. Therefore, the BRC is proposed in this
paper to make the module of the charger compact and to prolong
the period of the CC stage. Owing to the longer duration at the
CC stage and the shorter duration at the CV stage, the Li-ion cell
can be charged to more closely approach the rated voltage even
if the external resistance in the Li-ion battery-pack system varies
with the thermal effect. The behavior of the proposed charger
with the BRC technique in the presence of the shorter duration
of the CV stage can effectively shorten the charging time of the
battery.

In this paper, the decision of the charging transition is an
analogy method in order to have a smooth transition between
the CC and CV stages. The analogy control method is achieved
by the SCC technique. Referring toFig. 5, the SCC contains
current mirrorsM; and Mo, pass transistor Mca, and current
source I. The current loop is controlled by the amplifier (MA)
and OTA (CA), while the voltage loop is controlled by ampli-
fier VA. At the beginning of the charging process, the voltage
at the battery pack is low and causes the output of amplifier VA
to be high enough to turn off transistor M~ . Thus, the voltage
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Fig. 5. Simplified diagram of the charger based on the analogy method.

loop has no effect on the charging current. That is, the charging
current, which is equal to Vsgr/RsgT, is controlled by the cur-
rent loop. Once voltage Vpatr approached the rated Vryrp, the
output voltage of amplifier VA becomes low enough to turn on
transistor M5 to overcome constant current /. Therefore, the
voltage at the gate of power MOSFET Mp is also raised to a
voltage level to decrease the current flowing through transistor
Mcs. Voltage Vi is decreased to cause the output of OTA
(CA) to be high enough to turn off pass transistor M¢ 4. There-
fore, there is no current flow through current mirrors M; and
M, and the current loop is turned off automatically. Then the
charging process is smoothly switched from the CC stage to the
CV stage by SCC. That is, there would be no oscillation between
the CC and CV modes during the transition period. At the CV
stage, operation amplifier VA takes control of the charger, and
this charger acts as a linear regulator. It also keeps the battery at
a regulated voltage Vpyrr, until the charging process is termi-
nated.

The analogy method may solve the unstable transition
problem existing in conventional design. However, the early
entrance of the CV stage still exists owing to the external resis-
tance. A large charging current causes the large Vy,op voltage
across the external resistance in the Li-ion battery-pack system.
It makes the charger circuit detect the transition point of the
CC to the CV stage more early than that with a small charging
current. The Vi, voltage is added to the Vearo voltage at the
battery cell before the Vgaro voltage is fully charged to the
rated-voltage level. It indicates that the V.o, voltage affects the
optimum transition point from the CC to the CV stage. In other
words, it takes a long time to charge the battery to the rated
voltage at the CV stage when using a large charging current in
the CC stage. That is, a larger charging current at the CC stage
cannot reduce the charging time because of the short CC and
long CV periods. Finally, the total charging is prolonged.

In Fig. 6(a), theVy,op voltage at point B is larger than that at
point A due to the larger charging current. Moreover, the voltage
drop at point C is larger than that at point B due to the larger
external resistance. Briefly speaking, theVy,,,, voltage depends
on the product of the charging current and external resistance.
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The charging timing diagrams of points A and B in Fig. 6(a) are
shown in Fig. 6(b). Obviously, the charging time is prolonged
when the charging current is large due to the short CC period.
That is, the duration of the CC stage plays an essential role in
the evaluation of charging time. Existing charger circuits suffer
from the drawback of inaccuracy of the transition point from the
CC to the CV stage. To shorten the charging time, the compen-
sation of the V,op voltage is a critical problem to be solved. The
circuit for detecting the external resistance of the battery-pack
system is proposed to achieve the fast-charging technique.

III. PROPOSED BRC TECHNIQUE

As shown in Fig. 6(a), insufficient energy is stored in the bat-
tery due to the Vy,op voltage during the CV stage. Particularly,
in the case of charging the battery with a large current like the
movement from points A to B, the Vy,,,, voltage becomes large,
and thus, the charging time is also prolonged due to the longer
CV period.

Even if the external resistance can be estimated and compen-
sated for by an external method, its value would still vary with
temperature. The increasing external resistance also increases
the Viop voltage, thereby increasing the charging time. The
movement from points B to C can reveal this scenario. It means
that a fixed compensation method for the external resistance is
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Fig. 7. Improved waveform at the end of the charging process after using the BRC technique.

still inaccurate. In other words, external-resistance compensa-
tion is needed before entering the CV stage. Certainly, the com-
pensation method also needs to tolerate the variation in temper-
ature.

A. Concept of the BRC Technique

The BRC technique is applied in the charging process to im-
prove performance. As shown in Fig. 5, because the difference
voltage between the Vparo voltage at the Li-ion cell and the
voltage of the battery Vpar is the Vo, voltage, this implies
that the reference voltage can be shifted to a higher voltage level,
and the final voltage level of Vs can be redefined. The shift
reference voltage is defined as Vrgrc, and the redefined voltage
level of Vpar is Vearc. As a result, the Vparo voltage at the
Li-ion cell can be closely approached to Vryrp, at the end of the
CC stage owing to the higher reference voltage. Fig. 7 shows
the comparison of the charging waveform with a higher Vygrc
and that with an uncompensated Vrgr. Obviously, the period of
the original CC stage is extended to the CC’ stage after using
the BRC technique.

To compensate for the Vg,op, voltage, a new reference voltage
VrREFc, Which is the summation of incremental voltage Vinc
and original reference voltage VRgr, is introduced. Incremental
voltage Vinc is defined as

R,

X — = Ry
R+ Ry

Vine = (W - W = Varo —_—.
e = (VBaro BAT) drop X R1+R(22)

Thus, the voltage of the battery-pack system is charged to
a higher voltage level at the end of the CC stage. The Li-ion
battery cell can store much more energy at the CC’ stage for
a longer period than that at the CC stage based on the original
design. Once the charging process enters the CV stage, the ref-
erence voltage at the CV stage is decreased back to its orig-
inal value gradually. Thus, the battery can be charged to the
designated voltage Vpyrr, when the charging process is ended.
By using the dynamic reference-voltage method, not only will
the charging time be decreased, but the overcharging problem
will also not occur in the charging process. Furthermore, the
energy stored in the battery is not affected because the final reg-
ulated-voltage level of the battery is unchanged.

B. Estimation of External Resistance at the CC Stage

To determine the value of variable external resistance, it is im-
portant to find out a method to accurately estimate the value. As
shown in Fig. 5, the VaTo voltage at the Li-ion cell is smaller
than the specified Vryr, voltage due to the V.., voltage be-
fore the charging process is switched to the CV stage. Based on
the fact that the charger charges the battery cell tardily when the
battery voltage Vpar is close to 4.2 V, the Vi a10 voltage of the
Li-ion cell can be viewed as a constant during a short test time.

At the beginning of the estimation, the charging current is
changed from /cprai tolcurage. It causes a voltage difference
at the battery voltage Va1 owing to the voltage drop across ex-
ternal resistance pack. At the Li-ion battery pack, the two bat-
tery voltages V7 and V5 can be written as (3) and (4) according
to the two different charging currents Icyrg1 and Icyrae, re-
spectively

3)
“4)
According to the previous assumption that Vg aTo1 and VpaTo2

are equal to each other within a small charging time, external
resistance [2ack can be estimated by

Vi—Va
b
Icara1 — IcHra2

Vi = (Icurag1 X Rpack) + VBaTo1

Va = (Icurag2 X Rpack) + VBaTO2-

Rpack ~

assuming that Veato1 = VeaTo2-

(&)

Therefore, if the three parameters Icuyrgi, Icara2, and V are
predefined, the value of Rjack can be determined by the esti-
mated value of battery voltage V. The BRC technique provides
the internal detection method to acquire the V5 voltage.

C. Proposed Architecture of the Charger With the BRC
Technique

The proposed architecture of the charger with the BRC tech-
nique is shown in Fig. 8. The compensation circuit is composed
of the external-resistance detector, the reference-voltage switch
circuit, and the reference shift circuit. The external-resistance
detector is used to determine the value of the external resistance
of the Li-ion battery pack. The Vrp feedback voltage is equal to
(6). However, the V}} o input voltage is designed as (7) to meet
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the requirement of the headroom of the detector circuit and the
supply voltage. The output of the external-resistance detector
contains two parts. One part is the 9-bit digital code to deter-
mine the new reference voltage to regulate the final level of the
battery. The other part is the 2-bit control code to determine
the status of the estimation. The 2-bit control code decides the
output voltage of the reference-voltage switch circuit during the
estimation period. The estimation is designed to be at the CV
stage to detect the external resistance. The variation in refer-
ence voltage in estimation does not affect the battery voltage.
Finally, according to the 9-bit digital code, the reference shift
circuit outputs a compensated reference voltage(Vrgerc) to ex-
tend the period of the CC stage

R + R
Vig =VBAT - ———— 9 6
B BAT Rt Ryt Ry (6)

Rg R3

Vi =Vig ———— = Vaap ——— (7

BAT = 'FB ot Ry M R+ Ryt Rs @

For the reference-voltage switch circuit, the V,.; and V3
input voltages are used to decide the charging current at the TC
and CC stages, respectively. That is, the Vggr voltage is set to
V1 (or V,.3) at the TC (or CC) stage under a normal charging
process. Undoubtedly, the value of V.3 is larger than that of
V1 to ensure a large charging current at the CC stage. Here,
a new Vo rated voltage is used to decide another charging
current at the CC stage for external-resistance estimation. Thus,
the values of the two constant charging currents Icgrgi and
Icurge can defined as

V..

Icurar = RSE3T 8)
Vr

Icuras = -2 9

Rser

The value of voltage Vs is maintained at the value of V.5 at
the CC stage for conventional design. However, for the proposed
charger, the value of Vsgr is changed from V.3 to V,.5 at a cer-
tain time (¢2) and is set back to V.3 at another time (¢3) at the end
of the CC stage during the estimation of external resistance. The
variation in the value of the Vggr voltage will cause a variation
in the charging current. Consequently, the voltage at the Li-ion
battery pack will also be affected due to the different Vi, volt-
ages. That is, the Vpar battery voltage changes from V; to Vs,
as shown in Fig. 9. Referring to (5), the voltage of V; is prede-
cided, and the voltage of V5 needs to be estimated. To accurately
detect the variable external resistance in the Li-ion battery pack,
the predefined detection point is designed at Vgar = V3 =4 V.
In the proposed charger, the value of k1 + R» is equal to the
value of %3 in order to sense half the value of VpaT. According
to (7), voltages V; and V5, are redefined as V' and V3, respec-
tively. That is, the values of V{ and V; are half the values of V;
andV5. Meanwhile, the value of V7 is equal to 2 V.

D. Proposed External-Resistance Detector and the
Reference-Voltage Switch Circuit

The whole detailed circuit of the external-resistance detector
is shown inFig. 10. The value of voltage V} , isV7 at time o
when the ®; control signal turns from low to high, and the value
of voltage Vpar reaches 4 V. Certainly, the value of voltage
Végr is Vig for defining the Icurai charging current. By using
a sample-and-hold (S/H) circuit, voltage V7 is stored on capac-
itor Csp1. When the value of voltage Vg reaches V.o for
defining the Icpyrge charging current, the ®5 control signal
turns from high to low, and the estimated value of V at time
t3 is stored in capacitor Csgz. The two values V{ and V3 are
sent to the differential inputs of the G,,, amplifier, which has the
transconductance of 2/ Ry, as shown in Fig. 10(a)[13], [14].
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Fig. 9. Waveform of battery voltage during the detection period.

The charge injection and clock feedthrough of the S/H circuits
can be ignored owing to the differential operation. Thus, the ac-
curacy is not affected during the detection period. The value of
the Iprop output current is proportional to the difference of the
two voltages V/ and V3. The expression of the Iprop current
is shown in

2
Iprop =G - (V] = V) = o (Vi =1y)
VI
2

= -2 Vi - Vs
Ryt x (M 2)
2

=75 2Vvdrop X Vdrop-
Ry

(10)

As shown in Fig. 10(a), the Ipgop current is mirrored to bias
the delay-line circuit inFig. 10(b)[15]. The larger external re-
sistance causes a larger Vq,o, voltage, thereby resulting in a
larger biasing current Ipgrop. Therefore, the delay time of the
delay-line circuit is inversely proportional to the Vg,op voltage.
That is, a large Vgop voltage can be interpreted as a big dig-
ital number and vice versa. Therefore, the delay-line ADC can
output a different digital code for representing the external re-
sistance according to the various V.o, voltages. The reference
shift circuit then increases reference Vygr toVrgerc according
to the 9-bit digital code.

E. Proposed Reference Shift Circuit

After the estimation of the external resistance of the Li-ion
battery-pack system, a 9-bit digital code generated by the ex-
ternal-resistance detector is sent to the reference shift circuit to
add the incremental voltage Vinc toVrgr according to the value
of the digital number, which is converted by the delay-line ADC
in Fig. 10(b). Referring to Fig. 11, the Iy, I1, ..., Is, and Ihase

currents are determined by the value of the Vg, voltage. The
external resistance varies from 150 to 300 mf2. Assuming that

the minimum external resistance is 150 m(2, the needed min-
imum compensation current is the Ij,s. base current, which
flows through resistor Rco and decides the minimum new ref-
erence voltageVrprc. The minimum value of the Vygpc refer-
ence voltage is expressed as

VREFC(min) = VREF + (Ibase X Rco)
Ry+R3
Rl +R2 +R3
(11)

= VREF+(150 HIQ) X ICHRG X

=Vrer+AVes.

The value of voltage Vapp is used to compensate for the
variation in external resistance ranging from 150 to 300 mf2.
The value of voltage Vapp can be expressed as (12). Finally,
the Vinc incremental voltage for compensating the reference
voltage is equal to the summation of voltages VREF(min) and
Vabp

]\T
Vapp = ZL’ x Rco
1=0

N+1 Ro+R3
= |— I 150 mQ x —————

[ 9 } X [CHRG X < o R1+R2+R3>
:(N+1) X AVCQ. (12)

The value of N is from zero to eight. The corresponding
compensating voltages due to different digital codes are listed
in Table II. Because the assumption of the smallest external
impedance is 150 m$2, AV, compensates for the fundamental
Varop of the battery-pack system that is referred to in(11). As
shown in Fig. 12, the voltage of Vrgrc shifts to 2.59 V when
the digital code is 1111111111 because the values of currents
Iy, I, ..., Is, and I, are flowing through resistor Rco. The
values of currents Iy, I1, . .., Is, and I},,s are controlled by the
value of voltage Vggr. Thus, the values of these currents are
gradually decreased to zero when voltage Vi1 is decreased to
zero due to the decreasing current of transistor Mcg at the CV
stage. As aresult, the Vin¢ incremental voltage will be smoothly
decreased to zero. The reference voltage returns to the original
value at the CV stage without affecting the rated fully charged
voltage.

After the implementation of the proposed charger with the
BRC technique, the period of the CC stage can be extended to
charge much more energy to the Li-ion battery cell faster, and
the overcharge problem can also be avoided.

IV. EXPERIMENTAL RESULTS

The proposed charger with the BRC technique was imple-
mented in TSMC 0.35-pm CMOS technology. The threshold
voltages of nMOSFET and pMOSFET are 0.55 and 0.65 V,
respectively. Table III lists the specifications of the proposed
charger.

The chip micrograph is shown in Fig. 13. The silicon area is
1300 x 850 um?. The setup of the test chip is shown in Fig. 14.
The pin of EN_BRC can be set to low to turn off the BRC tech-
nique system. The supply voltage of the charger is 5 V, and the
fully charged voltage Vpyry is 4.2 V. The specifications of the
proposed charger are referred to the product of the charger in the
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Fig. 10. (a) Schematic of the circuit of the external-resistance detector with an on-chip S/H circuit. (b) Schematic of the delay-line circuit.

market. To emulate the external resistance of the battery-pack
system, one resistor Rpaci 0of 300 m€2 is used to represent the ex-
ternal resistance. Furthermore, to monitor the charging process
within a short period, one large capacitor Ccgr,r, of 10000 pF
is used to emulate the large capacity of the Li-ion battery.

As shown in Fig. 15, the waveform of the battery cellVaTo
is presented based on an SCC. The enable signal is used to
control the charging process. By adopting the current control
method in the design of CA, the charger smoothly switches from
the CC to the CV stage without any oscillation between the CC
and CV stages. The current loop, which is composed of OTA
(CA) and MA amplifiers, is gradually turned off. The charger
becomes a linear regulator after the voltage loop, which is con-
stituted by the VA amplifier, controls the charger. That is, the
voltage of the Li-ion cell is charged to the rated voltage steadily.

Because the output capacitor is 10000 pF, it is easy to deter-
mine that the charging time of the TC stage is 500 ms. InFig. 16,
the estimated result is similar to that obtained from the calcu-
lation. Furthermore, the periods of the CC and CC’ stages are
22 and 32 ms, respectively. The period of the CC stage is ex-
tended to about 40% of that of the original charger without the
BRC technique. Due to the external resistance at 300 mS?2, the
digital number of the detector is 111111111. Then, the refer-
ence shift circuit adds the max shift voltage to the Vypr refer-
ence voltage for compensating for the Vg, voltage. Thus, the
VBaTo voltage at the Li-ion cell can reach the specific voltage
(4.2 V) more quickly than that of the original design without
the BRC technique. From the zoom-in window inFig. 16, the
VBaTo voltage can be rapidly raised to 4.2 V due to the exten-
sion of the CC stage.

In Fig. 17, the Vy,0p voltage exists between voltages Vearo
and Ve ar. The period of the CC stage can be extended from the
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Fig. 11. Reference shift circuit generates the Vrprc BRC reference voltage by adding the Vinc incremental voltage to the Vypr original reference voltage.

Digital Bits = 111111111 ( @R 4k = 300 m<)

i [
NI 1
Sy [ 7] o — =
S LB
i =—
S e
i Iy [
EE .
= Time (s) ~ =
- i
NI 12597
% HE—
Qo =1 2.345V | !
S -t = Compensated Vyggrc for IR-drop
R 2.5p | "

Time (s) -

Fig. 12. Waveform of the digital bits and compensated Vrgrc for the Vi,op
voltage.

TABLE II
CORRESPONDING VALUES OF THE Vinc VOLTAGE FOR DIFFERENT DISTINCT
EXTERNAL RESISTANCES R, ,cx’S DERIVED FROM DIFFERENT DIGITAL CODES
(THE Vrer REFERENCE VOLTAGE IS 2.5 V).

Ryuck (mL2) Digital Code Vine(mV) Veere (V)
150.00 000000000 1 45 2.545
166.67 000000001 1 50 2.550
183.00 000000011 1 55 2.555
200.00 000000111 1 60 2.560
216.67 000001111 1 65 2.565
233.00 000011111 1 70 2.570
250.00 000111111 1 75 2.575
266.67 001111111 1 80 2.580
283.00 011111111 1 85 2.585
300.00 111111111 1 90 2.590

CC stage to the CC” stage because the value of the compen-
sated Vpar is larger than that of the original V. Because the
voltage variation at the Vs voltage is very small, the Vspr
node voltage in Fig. 8 is connected to an output to monitor
the detection period. The estimated waveform of voltage Vsgr

850um

Power Transistor

 Compensation Circuit

: I
SRR

A\ §

Reference Generator

4 7]

AL

Fig. 13. Chip micrograph.

T
J—I_ Vop
O0—| Enable Viar
Charger IC
Rpack
o—{ EN_BRC Viaro
Oo— Vser

GND
I I CCell

Fig. 14. Estimation setup of the proposed charger.

is shown in Fig. 18. During the detection period, the value of
voltage Vsp is pulled low to 0.9 V for a short time and back
to 1.5 V. The detection period is 0.5 ms in Fig. 18. During the
detection period, the charger acquires sufficient information on
the external resistance of the battery-pack system to compensate
for the Vgyop voltage.

Fig. 19 shows the estimation results of the Vrgrc shift refer-
ence voltage. It demonstrates the linearity of the compensation
voltage. Thus, the VRgrc shift reference voltage can be adjusted
according to the the digital code. That is, the entrance time from
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TABLE III
SPECIFICATIONS OF THE PROPOSED CHARGER WITH THE BRC TECHNIQUE

Vop 4.5V~6.5V
Ceen 10000 uF
Rpack 150 m2 ~ 300 mQ2
Va 015V

V2 0.9V

Vs L5V

Rger 3.0 KQ
Vrer 25V

Vv 4.2V

Vi 4.0V

| 48 20V
Icureo (TC Mode) 50mA
Icure1 (CC Mode) 500mA
Icure: (Detection Mode) 300mA

the CC to the CV stage can be delayed based on the external re-
sistance of the Li-ion battery pack.

The proposed BRC method is tested by a real Li-ion bat-
tery. The battery pack used in the experimental validation has
a VpyLw of 4.2V, an external resistance of 150-300 mS?2, and a

t
Compensated Vi,r

|
l
: Original Vpr 4“‘3{; 7| 4.2v
JA
: k/ 1+ Comipensated Vg, 70
: / \ Ortgmal Varo
| |
I |
Exténsion of the CC stage —»| '«— :
= |
ILC'U}tage ; Clll’stage
(:C " stage —»«—(r/ stage
L4 __r__¥_ _ 1 __ a

Fig. 17. Waveforms of voltages Vsat and Vearo with and without the BRC
technique. The voltages of the compensated Viar and Vsaro are obtained
from the BRC technique.

capacity of 4.2 Vx 900 mA - h. Fig. 20 shows the experimental
results of the charger with and without the BRC technique. It
shows the variation in the /cgrg charging current and the Vpar
battery voltage. The charging times of the originally designed
and proposed chargers are about 2.5 and 2.0 h, respectively. The
charging time of the charger with the BRC technique has been
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Fig. 20. Comparison of the Icura charging current and the Visar battery
voltage of the charger with and without the BRC technique.

shortened by about 20 min. In other words, the fast-charging
performance is achieved by the BRC technique.

V. CONCLUSION

This paper has proposed a smooth transition method from the
CC to the CV stage for the Li-ion charger. Due to the external
parasitic resistance of the Li-ion battery-pack system, the con-
ventional charger circuit switches from the CC to the CV stage
without fully charging the cell to the rated-voltage value. The
degrading current at the CV stage wastes a lot of time to fully
charge the battery. Therefore, the concept of the BRC technique
can achieve a nearly full charge at the CC stage but not at the
CV stage owing to the larger charging current. That is, the pro-
posed circuit is to redistribute the operation periods of the CC

and CV stages in the charge process. The life cycle of the battery
is not affected by the BRC method. The new BRC technique ap-
plied to the charger can speed up the charging time of the Li-ion
battery. It can dynamically estimate the external resistance of
the battery-pack system to extend the period of the CC stage to
achieve a fast-charging response. The experimental results show
that the period of the CC stage can be extended to about 40%
of that of the original design. That is, the charger with the BRC
technique can smoothly transit from the CC to the CV stage and
have the fast-charging performance.
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