Li-Ion Battery Charger with Smooth Control Circuit
(SCC) and Built-in Resistance Compensator (BRC) for
Achieving Stable and Fast Charging

IS X
g mpz g4



Li-Ion Battery Charger with Smooth Control Circuit (SCC) and
Built-in Resistance Compensator (BRC) for Achieving Stable and Fast

Charging
B A R =S Student : Chia-Hsiang Lin
R e Advisor : Ke-Horng Chen

A Thesis
Submitted to Department of Electrical and Control Engineering
College of'Electrical Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Master
in

Electrical and Control Engineering
September 2008
Hsinchu, Taiwan, Republic of China

PERRA LS EA



PR hEmomp i Ed

BAHP FRHNEHELT > THAAL I LT AL AT ARG HLELL
P g PDA & Rdicindp b ¥ 0 8 L1 0 S A R R A S A B S T

2% U R el & R BT L

;F:,ﬁ‘kigﬁ—1§?Q:§_$m;i‘{goﬁ—§ﬁ_’gf§,fu?‘?‘ﬁ_ﬁg%w & B (CC-CV)
;‘u?_,/z‘ ° :‘u?_,ggéf"‘ ;F‘_"‘I?_‘ ;bbg';’ﬁ?_‘fé Z‘u?_‘]iﬁ? ’ g,{;u,] ?-/:_“41“]-?_‘/& SE-f \:E]Hb mfh

23— B R R EE e 42V)F 0 i ) RRBHS 0 A6 T R A
EAREIEATI EHD S PN BEE AR DS e 50 £ D P B npER
T ARG Y AT EBRET - BAEHT E TR AA LN R o F TR TEL A

/?#:(/J‘B?’ ]’g]/%_l _/At,’gi P} ll.LBf—‘u;_‘pb];\;«»] _ Tﬁ%gmfp?ﬁ‘gﬁ .

[ERR L A AR R R LB 2 TR R AT
TP LE TR NNE TR B EELY O FEARY AT AL TH
TRAET ST LR E - FRFATTRORRT I LT EARY > T EPFLEL L

TRFoL L L ARRE AEH YR - B § 0 SCC1E BRCH g BHH -
WL AR T 1 TN s PR AP o AH2 R T TSMC

0.35um2P4AM #l42 » @ ¥ S i % rAEn 7 4P AT chee d o



Li-Ion Battery Charger with Smooth Control Circuit (SCC) and Built-in
Resistance Compensator (BRC) for Achieving Stable and Fast Charging

Student: Chia-Hsiang Lin ~ Advisor: Dr. Ke-Horng Chen

Department of Electrical and Control Engineering

National Chiao-Tung University

Abstract

A built-in resistance compensator (BRC) to speed up the charging time of the lithium-ion
(Li-Ion) battery is presented and experimentally verified in this paper. Based on the physical
properties of the battery cell, the charger charges the cell with three stages, which are trickle
current (TC), constant current (CE€), and constantoltage (CV) stages [1], [2].

When the battery is under the'low voltage, ex: 2:5V, the structure of the battery system
pack is easy to be damaged from the. large charging current. That is the reason the charger
charges the Li-lon cell by trickle current but prolongs the whole charging process. Once the
voltage of battery reaches the specified value, 2.5V, the charger then switches to the constant
current stage and charges the battery in larger current to fasten the charging speed. At the end
of the constant current stage, the battery reaches the rated voltage (ex: 4.2V) and the charger
enters the constant voltage stage.

A smooth control circuit (SCC) is proposed to ensure the stable transition from the CC
stage to the CV stage. The charger keeps the voltage of the battery in stable level until the
charger stops the whole charging process. However, due to the external parasitic resistance of
the Li-Ion battery pack system, the charger circuit switches from the CC stage to the CV stage
without fully charging the cell to the rated voltage value. The Li-Ion cell is needed to be
charged by a degrading current at the CV stage to avoid overcharging. The longer the cell
stays at the CV stage, the longer the charging time is owing to the degrading current. The
BRC technique can dynamically estimate the external resistance of the battery pack system to
extend the period of the CC stage. The test chip was fabricated in TSMC 0.35-um technology.
Experimental results show that the period of the CC stage can extended to about 40% that of

the original design. The charging time can be effectively reduced.
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Chapter 1

Introduction

The portable devices, such as PDAs, cell-phones, digital cameras etc., have become the
most popular applications in recent years [3]. Among these electrical manufactures, the
battery-operated device is the main issue to the power management area. The main
characteristic of the portable devices is the utilization of rechargeable battery. Due to the
features of light weight, small size, and_high energy density, the rechargeable batteries are
widely used in the portable applications.

However, the energy stored i the battery is corresponding to the diverse materials.
Besides, the other properties such: as life-cyeles, self-discharge rate etc., could affect the
performance of the rechargeable battery. Inisummation, the rechargeable battery plays an
important role in the portable products. Furthermore, because of the limitation of the energy
capacity of the battery, the using time of the electrical product is limited. In order to reach the
longer using time, employing the energy of the battery economically is stringent to
power-saving issue.

Chapter 1 is divided into four sections. Section 1.1 introduces the fundamental concepts of
the rechargeable battery and lists the comparison of different types of battery. Section 1.2
introduces the basic concept of the Li-Ion battery. Section 1.3 introduces the package of the

charger and section 1.4 illustrates the motivation of the proposed circuit in this paper.



1.1 Introduction to Rechargeable Battery

Nowadays, the portable devices have become the main applications of advanced
technical products. Owing to the many advantages of the rechargeable battery, there are many
types of that developed to meet the requirement of the expanding market. The characteristics
of some most popular rechargeable battery, ex: Ni-MH, Ni-Cd, Li-Ion batteries are listed in
TABLE I. The performance of the rechargeable battery is judged by many aspects inclusive of
operating voltage, specific energy, energy density, cycle life, self-discharge rate, etc. The
specific energy represents the stored energy of the different types of charger under the same
weight. The energy density implies that the energy stored in the battery under the same
volume. The cycle life means the number of times of discharging of the rechargeable battery
[4]. Among these factors, the most important feature of the rechargeable battery is the
self-discharge rate. The self-discharge rate stands.for the leakage energy per month of the
battery under the non-using condition.”TABLE 1 shows the comparison of the often seen

batteries [5]. TABLE II lists the advantages and disadvantages of each type of rechargeable

battery.
TABLE I
DIFFERENT TYPES OF RECHARGEABLE BATTERY
. Specific Energy Cycle Self-discharge
Operating . .
Battery Type Energy Density Life Rate
Voltage (V) 1 1 .
(Wh.kg™) | (Wh.L™) (times) (%.per month)
Li-Ion Polymer 3.7 120-170 300-460 =1000 =3
Li-Ion 3.6 100-160 270-360 1000 6-9
Ni-Zn 1.65 60-75 240 500 -
Ni-MH 1.2 65 200 500 30-35
Lead-acid 2 25-45 80-100 250-450 -
Ni-Cd 1.2 30-50 150 500 25-30




TABLE 11

THE ADVANTAGES AND DISADVANTAGES OF EACH TYPE OF RECHARGEABLE BATTERY

Battery Type Advantages Disadvantages
. High specific energy and energy High cost, limited capacity and
Li-Ion Polymer . . . .
density, long life discharging rate
. . High cost, complexity of operation
. High specific energy and energy L. . .
Li-Ion . . circuit, heating at high
density, long life . .
discharging rate
New technology, high specific
Ni-Zn &, WEH P . i Few commercial products
energy and energy density
High specific energy and ener.
Ni-MH &4 5P .f & & Limited charging rate
density, acceptable cost
Low specific energy and ener,
Lead-acid Widely used and low cost . P f. & &Y
density, environmental concerns
. Stable discharging voltage, high . .
Ni-Cd . y Serious environmental concerns
discharging rate

The Ni-MH and Ni-Cd batteries were the chief batteries in the handheld device before.

However, it is obvious that the Li-Ion battery is.superior to other type referred to TABLE II.

As Fig. 1 shown, the use of Li-lon battery takes the replace of mentioned battery in recent

years. The sales of Li-lon batteries have increased sharply since 1992 [6].
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The specific energy and the energy density of Li-lon battery are double than that of
Ni-Zn and Ni-Cd batteries. The more important is that the long cycle life characteristic of the
Li-lIon battery. Another major quality about the Li-based battery is the memory effect. The
more accurate term of the memory effect is the voltage depression. For the Ni-Cd battery, the
energy capacity of the cell is affected by the depth of discharge. When the battery is not fully
discharged, the battery remember the shorten cycle and reduce the capacity. However,
according to the relative research of the Li-lon battery, the deep discharge of the Li-lon
battery shortens the life cycles contrarily.

Based on the fact, the Li-lon battery is chose to be the main subject in this paper.
Nevertheless, the limit of the life cycles is the critical problem to the Li-lIon battery. The life
cycles are easily affected by undercharging or overcharging issues [7], [8]. The reason is that
the overcharging issue may damagethe physical'component of the battery. On the other hand,
the undercharging issue may reduce. the energy capacity of the battery. Therefore, this paper
proposed the new circuit to enhance the performance of Li-lon battery charger in many

aspects, whether the life cycles or the charging speed.



1.2 The Basic Concept of the Li-lon Battery

The advantages of the Li-Ion battery include high energy density, long cycle life, low
self-discharge rate, and no memory effect referring to the TABLE 1. It has become the major
battery for the portable and wireless products. In order to improve the performance of the
Li-Ion battery, the basic knowledge of the battery is needed. The Li-Ion battery is comprised
of the carbon anode and a Lithia-cobalt dioxide or manganese dioxide cathode with a liquid or
solid electrolyte separator as Fig. 2 shows. The equation (1) ~ (2) are the reaction equations of

the Li-lon battery.

® Cathode

Li-Ion Separator Electrolyte

Fig. 2 The real structure of the Li-Ion battery



Charging: C, + LiMn, O, — Li C; + Li,  Mn,O, (1)
Discharging: Li C, + Li;, ,Mn,0, — C, + LiMn,0, (2)

Under the charging condition, the battery is connected to the charger and the charging
current flows from the anode to the cathode as equation (1) shown. When the battery is used
as the source for the electrical device, the battery releases the energy stored in the cell and the
discharging current flows backwards. The equation (2) shows the reaction during the
discharging period. In general, the charging-terminated voltage of the Li-Ion battery is 4.2V
and the discharging-terminated voltage is about 2.5V. To simplify the structure of the battery
cell in the following discussion, the equivalent circuit of battery is drawn in Fig. 3. The
battery cell includes the storage element C,..; and the equivalent resistance R .. Re.; is the
parasitic resistance of the Li-lIon battery cell. The voltage of the Vz4rois the voltage drop
across the storage cell C. The voltage drop is the stgnificant factor of the charger to charge

the rechargeable battery.

Li-Ion Battery

VBA 70

Fig. 3 The equivalent circuit of battery



1.3 The Package of the Charger

Fig. 4 shows the simple package of the charger. As illustrated in Fig. 4, the battery pack
system includes the Li-Ion cell, the protection circuits, the external resistance, and the
thermistor circuit [9].

In general, the protection circuit is composed of current limit, over-voltage limit, and
under-voltage limit circuit. The life cycles of the battery is affected to the over-voltage and
under-voltage, and the protection circuits of that could shut down the charger when the error
signal is asserted. The over-current limitation circuit is used to control the charging current of
the battery and protects the battery damaged from large current. As mentioned before, the
physical component of the rechargeable battery is sensitive to the irregular operation, and the

protection circuits could protect the battery from the above lethal injuries.

+ IR drop voltage —
Fuse/Polyswitch

PCB trace wire PCB trace wire P, — +

Li-Ion : Rcell
CELL

+ | Ccell
: Vearo [ —
Protection 1C o =
Vcel/
Thermistor
G PCB trace wire PCB trace wire PCB trace wire O_
Overcharge and
Discharge FETS
— IR drop voltage +

Fig. 4. The whole package of the charger IC and battery



The external resistance includes contacts, fuses, PCB trace wires, and cell resistances.
The resistance could affect the charging process owing to the extra IR drop. When the charger
charges the battery, the package of the charger and battery is easily overheated owing to the
loss energy. Under the overheated condition, the electrolyte of the battery could be leak from
the package. Even worse than that, the battery is under the risk of explosion in high
temperature. The thermistor circuit is designed for detecting the temperature of the battery
pack system to avoid overheating.

Fig. 5 is a conceptual schematic of the whole Li-lon battery charging system. It shows
the parasitic resistance of the battery pack system, the error amplifier regulates the voltage of
the battery, the power MOS conducts the charging current, and the current source connected

to the power supply.

| I constant RZ I
: Vrer "= :
| ¢ T i
AV 4 The Charger Circuit The Li-Ion Battery Pack

Fig. 5. The simplified circuits of the charger IC and battery

Due to the effect of the external resistance of all the extra elements, the voltage at the
battery cell, Vz4r0, is smaller than that at the output of the charger, Vz47. Though the parasitic
resistance of the external circuits is available, it results in the prediction error of the charger.
The unwanted resistance consumes a part of the power charged to the cell and the IR-drop
across the external resistance could leads the charger operates under the inappropriate mode.

8



1.4 Motivation

In order to prevent the battery from these injuries, there are many types of charger
developed to charge the battery efficiently and safely. The most common charging method in
present days is the CC-CV (Constant Current-Constant Voltage) method. First, the charger
charges the battery in constant current to the specified voltage. Once the battery reaches the
rated voltage, the charger enters the constant voltage mode and keeps the battery in stable
voltage.

To protect the battery from being overcharging, the charging process needs to switch
from CC stage to CV stage to charge the battery by a degrading current until the process is
finished [10], [11]. However, the decision of the transition point from CC stage to CV stage is
a stringent problem for the charger since the external resistance results the varied IR drop
depends on the charging current. It may cause-the operation mode switches between the two
stages backwards and forwards. Besides, if the transition time is too early, the charging
current drastically decreases and thereby the charging time of the Li-Ion battery is prolonged.
Contrarily, if the transition time is too late, the large charging current may cause the battery
voltage too high to damage the battery. In other words, the suitable transition point of the two
stages affect not only the charging time but also the life cycle times of the battery.

In conventional design of the charger, the transition time of two stages is decided by the
result of the comparator. The internal comparator detects the voltage of the battery and
charges in larger current in CV stage. The charger switches the operation stage from the CC
stage 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-lon battery pack varies with the
charging current due to the IR drop across the external resistance. It is very hard to define the
transition voltage level since the IR drop voltage varies with the value of the charging current
and the external resistance, which depends on the structure of the Li-lon battery pack.

9



Furthermore, the external resistance is also temperature-dependence. That is the value of the
external resistance increases when the temperature of the Li-lon battery pack increases. It is a
hindrance to accurately predict the correct transition voltage [12], [13]. It implies that the
usage of a comparator to determine the entrance point of CV stage is not adequate.

To reach the target of the smooth transition, this paper proposed the smooth control
circuit (SCC) to realize that. The charger controls the charging process in current mode to
avoid the vibration of the battery voltage. The other issue, early entrance to the CV stage, is
solved by the built-in resistance compensator (BRC). The novel technique could modify the

prediction error and gain the better efficiency.

10



Chapter 2

The Basic Concept of the
Conventional Charger and the Prior

CC-CV Charger

From the previous discussion, the charger plays an important role in the use of battery.
The defective charger could prolong the charging time of the charging process and reduce the
life cycles of the rechargeable battery. The charger conicerns not only the battery cell but also
the battery pack system. To enhance ithe performance of the charger and not to damage the
battery back, there are many types of charger developed.

In this Chapter, the roughly introduction of the charger will be illustrated. The chapter is
divided into three sections. Section 2.1 introduces the charging method of the Ni-MH, Ni-Cd,
and Li-Ion charger. For the different types of rechargeable battery, there are many types of
charging method developed to meet the characteristics. Section 2.2 introduces the properties
of the conventional Li-lon battery charger and section 2.3 introduces the prior art to solve the
problems in section 2.2 and the proposed technique of smooth control circuit (SCC) and

built-in resistance compensator (BRC).

11



2.1 The Concept of the Charging Method for

Ni-based battery and Li-based battery

This section introduces the main charging method of the Ni-MH, Ni-Cd, and the Li-Ion
rechargeable battery. For different types of rechargeable battery, there are many charging
methods to charge the battery for better performance. Section 2.1.1 introduces the voltage
controlled charging method of Ni-MH and Ni-Cd battery. Section 2.1.2 introduces the

constant current to constant voltage (CC-CV) charging method of Li-Ion battery.

2.1.1 The Voltage-Controlled: Charging Method for Ni-MH,

Ni-Cd battery

For the Ni-MH, Ni-Cd battery, there are many charging method to charge the battery, ex:
timer-controlled method, voltage-controlled method. However, the initial state of each battery
is different and it makes the charging time different. That is, the timer controlled method is
not appropriate to the general batteries. The voltage-controlled method includes max-voltage
control, zero delta-voltage control, and negative delta-voltage control. Among these methods,
the negative delta-voltage is the chief application to the Ni-Cd battery and the zero
delta-voltage control charging method for Ni-MH battery. The charging waveform is shown in

Fig. 6.
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Fig. 6. The charging waveform of the Ni-MH and Ni-Cd battery

Compared with the Ni-MH battery, the negative voltage drop of Vg7 of Ni-Cd battery is
larger than that of Ni-MH battery. .Jt implies that the detection of negative delta-voltage
method is appropriate to Ni-Cd battery. When the-N1-MH battery is charged in trickle current,
the voltage drop of Vparissmaller and even does not exist. Therefore the zero delta-voltage
control method is applied to the Ni<MH battery.

When the battery is connected to the charger, the charger charges the battery in constant
current. At the beginning of the charging process, the resistance of the electrolyte affects the
charging speed of the battery. The voltage of the battery rises in high speed. During the
charging period, the resistance reduces and the charging speed is slow down. When the energy
is nearly full-charged to the battery, the gas bubbles of the electrolyte increase and the
resistance is getting higher. It makes the voltage of Vp4r reach the max voltage promptly. For
the Ni-Cd battery, when the battery is charged to the rated level, the voltage of the battery will
drop the value of AV. The charger detects the negative delta-voltage and terminates the
charging process. For the Ni-MH battery, the charger detects the max voltage and terminates

immediately.

13



2.1.2 The Constant Current to Constant Voltage Charging

Method for Li-Ion Battery

Generally speaking, the charging process of Li-lon battery charger is divided into three
charging stages, 1i.e. trickle-current stage (TC), constant-current stage (CC), and
constant-voltage stage (CV) as listed in TABLE III. At the beginning of the charging process,
the charger detects the initial voltage of the battery Vp,r. If voltage Vp,r is smaller than the
specified voltage Vzgr (normally 2.5V), the charger starts from the TC stage with a trickle
charging current for avoiding the damage due to large charging current on the battery. That is
the pre-charge stage. Once the value of \Vg4r1slarger than that of Vzzr, the charging process is
switched from TC stage to the CE stage. The chargeroperates at the CC stage with a constant
and large driving current until the value of Vp4rexceeds that of Vryr, (normally 4.2V), which
is a predefined transition voltage, and thereby entering the CV stage. The charger then charges
the cell in degrading current 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 decreased to the specified range. The other one to finish the charging
process is based on the maximum charging time [14].

The so-called fast-speed charger sold in the market is designed to terminate the charging
process when the voltage of V47 is charged to rated voltage, 4.2V. It implies that the charger
does not enter the CV stage and the cell is not full charged. In other words, the using time of

the fast-speed charged battery is lesser than the normal charged battery.
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TABLE III

THE THREE OPERATING MODE OF THE CONVENTIONAL CHARGER

Vear Charging Process Charging State
< VR&EF ® Trickle Current (TC) ® Low charging current
® Constant Current
> Vrer, <VrurL (CC) ® Larger, well-regulated current
® Constant Voltage
>VpuLL ® Constant Voltage (CV)
® Low current

The simplified diagram of Li-Ion battery charger is shown in Fig. 7. The basic structure

of the charger includes the three error amplifiers CA, VA, and MA. The transistor, Mg, is the

current sensing circuit of the powerMOS;.Mpa Ry, R 1s the feedback resistor to divide the

voltage of Vp4rand used to decide the operating' mode of the charger.

s

1 : 1000

.{r@
<€

VBaro

Fig. 7. The conceptual structure of the basic charger circuit.
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Referring to Fig. 5, the resistance R,q.x 1s defined as:

' ' —
RCONTACT + RFUSE + RPCB + RCONTACT + RFET + RPCB + Rcell - Rpack (3)

When the charger operates at the TC stage and CC stage, the battery is charged with a
constant current that is decided by the values of the Vszr and Rger. That is the closed-loop is
established by the amplifiers, MA and CA [15]. Thus, the value of Vggr’ is close to that of Vgr
through the virtual short of the CA. Besides, 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 pre-charge the cell. The trickle current at the TC stage protects the battery
from being damaged under low battery voltage condition. When the battery is charged to an
adequate voltage of 2.5V, the charging process is switched to the CC stage automatically.
Once the charging process enters the CC stage, the IR drop voltage across the external
resistance immediately becomes larger thantransition level, 2.5V since to the charging current
at the CC stage is larger than that at the TC stage. The charging process enters into the CC
stage and never comes back to the T€ stage-again if the charging process continues and the
voltage of the cell does drops below 2.5V.

Similarly, the charging current at the CC stage is larger than that at CV stage. It means
much energy is rapidly stored in battery during the CC stage. When the battery voltage
reaches the rated voltage Vrurr, 4.2V, the operating process is switched to CV stage. However,
it is too early to enter the CV stage since the battery voltage is the summation of the voltage at
battery cell (Vz4r0) and the IR-drop voltage. At the CV stage, the operation amplifier VA acts
as a linear regulator [16], [17] and generating a gradually decreasing current, which may

minimize the possibility that the charger is switched between the CC and CV stages.
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2.2 The Properties of the Conventional Charger

As mentioned before, the parasitic resistance of the external component results in the
operation error in the charging process. This section introduces the defect of the conventional
charger. In Chapter 2.2.1, the iteration between CC and CV stage is illustrated. And the

drawback of the early entrance to CV stage is introduced in Chapter 2.2.2.

2.2.1 The Unstable Transition of CC to CV Stage

The trickle current stage charges the battery when the battery is under the low voltage.
The operation of the TC stage ensures that the battery exceeds the adequate voltage level and
charges it in larger current in CC stage. In initial method of charging, the charger charges the
battery in constant voltage or eonstant current [18]: If the battery is charged in constant
voltage, the time of the charging'is limited to_the supply voltage. The low supply voltage
prolongs the charging progress and:the high supply voltage may damage the rechargeable
battery. In the meanwhile, the constant current method could results in the same problem.
That is the reason that the TC-CC-CV charging method is the main application in the charger
nowadays.

However, there is a latent problem exists in the transition point of the CC to CV stage.
When the charger is switched from the CC stage to CV stage, the charging current of the
charger starts to decrease and the disappearance of the large IR-drop voltage at the CV stage
still causes the charger having an unstable condition as conceptually illustrated in Fig. 8. The
use of the comparator, which compares the voltage at the battery pack and the predefined

rated voltage Vryrz, causes the early entrance of the CV stage.
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Fig. 8. The waveform of the unstable transition between the CC and CV stages due to the
IR-drop voltage of the battery pack.

In Fig. 8, the point X represents the voltage at the battery pack, Vp4r and the point Y
stands for the voltage at the battery cell, Vg4ro. The output of the comparator can decide
transition point of the charging stage but can’t account for the effect of the external resistance
when the predefined rated voltage Vryrr is set to 4.2V. Furthermore, due to the gradually
decreasing charging current for avoiding overcharging, the voltage at the battery pack (Vz47)
will become smaller than the predefined rated voltage Vpyrz. At this time, the charging
process comes back to the CC stage once again since the voltage at the battery pack is
decreased to point Z in Fig. 8. The iteration will continue many times until the voltage at the
battery cell is close to the rated voltage Vpy.. There are two disadvantages existed in the
above 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.
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2.2.2 The Short Duration of the CC Stage

Owing to the effect of the external resistance, the early entrance of the CV stage could
prolong the whole charging process. A large charging current causes large IR-drop voltage
across the external resistance in the Li-Ion battery pack system. It makes the charger circuit
detects the transition point of the CC stage to CV stage more early than that with a small
charging current. The IR-drop voltage is added to the voltage Vz470 at battery cell before the
voltage V470 is fully charged to the rated voltage level. It indicates that the IR-drop voltage
affects the optimum transition point from the CC stage 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 CC stage. That is a larger charging current at the CC stage can’t reduce
the charging time because of the short CC and long CV periods. Finally, the total charging is
prolonged.

In Fig. 9 (a), the IR-drop voltagerat point B-is larger than that at point A due to the larger
charging current. Besides, the IR drop:voltage-atpoint C is larger than that at point B due to
the larger external resistance. Briefly speaking, the IR-drop voltage depends on the product
of the charging current and the external resistance. The charging timing diagrams of points A
and B in Fig. 9 (a) are illustrated in Fig. 9 (b). Obviously, the charging time is prolonged
when the charging current is large due to the short CC period. That is the duration of CC
stage plays an essential role in the evaluation of the charging time. The existing charger
circuits suffer from the drawback of inaccuracy of the transition point from the CC to CV
stage. In order to shorten the charging time, the compensation of the IR-drop voltage is a

critical problem to be solved.
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Fig. 9. The IR-drop voltage under the different charging current and R,... (a) The IR-drop
voltage 1s affected by the product of the charging current and the external resistance. (b) The

charging timing diagrams of points A and B in (a).
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2.3 The Prior Art and the Proposed Method

Since the unstable transition and the early-entrance to CV stage are two critical problems
to be solved urgently in charging process, this section provides the solution and proposes the
new circuit. Section 2.3.1 described the analogy method to control the charging operating
mode, and the section 2.3.2 is the proposed technique to solve the early entrance of the

rechargeable battery charger.

2.3.1 The Analogy Transition Method to CC Stage and CV

Stage

In the proposed charger circuit, 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 smooth control circuit (SCC). Referring to Fig. 10,
the SCC contains the current mirror M;, M,, the pass transistor M4, and the current source /.
The current loop is controlled by the amplifiers, MA and CA while the voltage loop is
controlled by the amplifier VA. In conventional digital control method, the transition of the
CC-CV stage is decided by the internal voltage comparator. However, the analogy method

utilizes the push-pull technique to control the voltage level of the gate of the powerMOS, Mp.
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Fig. 10. The simplified diagram-of'the charger based on the analogy method.

At the beginning of the charging process, the voltage at the battery pack is low and
causes the output of the amplifier VA high enough to turn off the transistor Mj,. Thus, the
voltage loop has no effect on the charging current. That is the charging current, which is equal
to Vsgr/Rser, is controlled by the current loop. Once the voltage V47 is approaching to the
rated Vryrz, the output voltage of the amplifier VA is low enough to turn on the transistor My,
to overcome the constant current /. Therefore, the voltage at the gate of the power MOSFET
Mp is also raised to a voltage level to decrease the current flowing through the transistor Mcs.
The voltage Vser’ is decreased to cause the output of the amplifier CA high enough to turn off
the pass transistor, M¢,4. Therefore, there is no current flow through the current mirror M;, M,

and the current loop is turned off automatically. Then, the charging process is smoothly
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switched from the CC stage to the CV stage by SCC. At the CV stage, the operation amplifier
VA takes the control of the charger and the charger acts as a linear regulator. The charger

keeps the battery at a regulated voltage Vryr, until the charging process is terminated.

2.3.2 The Solution to the Early Entrance of the CV Stage

In the attempt to minimize the error due to the external resistance in the Li-Ion battery
pack system, the commercial charger circuits uses the external compensation resistors to
compensate the IR-drop voltage [19]. The major disadvantage is that the module of the
charger is too large to be compact for portable devices. Besides, the compensation resistors
can’t be adapted to the variations of the external resistance in the Li-lon battery pack system
due to thermal effect. Therefore, the built-in résistance compensator is proposed in this paper
to make the module of the charger be compact and prelong the period of the CC stage.

Owing to the longer duration at the €C stage and the shorter duration at CV stage, the
Li-Ton cell can be charged to more’closely approach-to the rated voltage even that the external
resistance in the Li-lon battery pack system varies with thermal effect. The behavior of the
proposed charger with the BRC technique in presence of shorter duration of the CV stage can

effectively shorten the charging time of the battery to achieve the fast charging technique.
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Chapter 3

The Circuit Implementation of BRC and

SCC Technique and Simulation Result

When the voltage Vz4r of the battery pack system reaches the rated voltage Vs, the
voltage Vz4ro at the Li-lon cell is smaller than that. Because the external resistance results in
an IR-drop voltage across the external resistance, the energy of battery cell is not fully
charged. The IR-drop voltage prolongs themperiod of the CV stage and thus increases the
charging time to storing sufficient energy on the Li-Ion battery cell. The IR-drop voltage is
the product of the external resistance-R,,.x and the'charging current. Referring to Fig. 9, the
insufficient energy due to the IR-drop voltage is needed to be compensated during the CV
stage. Particularly, in case of charging the battery with a large current like the movement from
point A to point B, the IR-drop voltage is larger and the charging time is also prolonged due
to the longer CV period.

Even that the external resistance can be estimated and compensated by external method,
the value of the external resistance still varies with temperature. The increasing external
resistance also increases the IR-drop voltage, and thereby increasing the charging time. The
movement from point B to C can reveals this scenario. It means that a fixed compensation
method for the external resistance is still inaccurate. In other words, the compensation is
needed to done before the transition from the CC stage to the CV stage. Certainly, the

compensation method also needs to tolerate the variation of temperature
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3.1 The Implementation and Simulation of SCC

(Smooth Control Circuit) Technique

As Fig. 10 shown, the smooth control circuit contains the current mirror M;, M, the pass
transistor My, and the current source /. The main advantage of the current loop control is
that there would be no voltage vibration. During the TC and CC stage, the charging current is
controlled by the amplifier CA. The gate voltage of powerMOS Mp, is decided by the output
current of M,. The amplifier VA takes control when the voltage of Vp4r reaches the rated
voltage and the charger enters the CV stage. The transistor My, then outputs the current to

raise the gate voltage of Mp. The voltage variation of the Vg, during the transition from CC

to CV stage is shown in Fig. 11.
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Fig. 11. The improved waveform of the charger with SCC technique.
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Fig. 11 shows that the voltage of Vg4 changes smoothly to control the charging current
of the three stages. When the charger is working in the CC stage, the voltage of V. is lower
than that of TC stage to conduct the larger charging current. Once the battery is almost
fully-charged, the gate level is getting lower to conduct the same constant current owing to
the rise of Vp4r. After the battery reaches the rated voltage, the amplifier, VA starts to control
the charger and regulate the voltage of Vg 7 in 4.2V. It implies that the Vg, must be lifted to
complete the regulation loop.

The transition from the current loop to voltage loop is smoothly referred to Fig. 11. As
Fig. 12 shown, the gate level is controlled by the current source of transistor M, and My,. The
current of amplifier, VA is getting larger to takes control of the charger. Once the current is
supplied by the VA completely, the amplifier, CA does not affect the charger and the current

loop is removed.
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Fig. 12. The drain current of the transistors My, and M,
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3.2 The Circuit Concept, Implementation, and

Simulation of BRC Technique

Chapter 3.2 introduces the basic structure of the BRC technique. The chapter is divided
into five sections. Section 3.2.1 introduces the idea of the BRC technique. Section 3.2.2 is the
formulas derivation of the technique. Section 3.2.3 illustrates the simple structure and the
working principles of the charger with BRC technique. Section 3.2.4 introduces the detection

of the external resistance and section 3.2.5 is the introduction of the reference shift circuit.

3.2.1 The Concept of BRC Technique

To solve the problem, a BRC technique-is-applied in the charging process to improve the
performance. As depicted in Fig. 9, sinee the difference voltage between the voltage Vp4r0 at
the Li-lon cell and the voltage of the battery V47 is the IR-drop voltage, it implies that the
reference voltage can be shifted to a higher voltage level and re-define the final voltage level
of Vz4r. The shift reference voltage is defined as Vzgrc and the re-defined voltage level of Va7
is Vaarc. As a result, the voltage V470 at the Li-Ion cell can be closely approached to Veyy, at
the end of the CC stage owing to the higher reference voltage.

Fig. 13 shows the comparison of the charging waveform with a higher Vzgrc and that
with an uncompensated Vzgr. Obviously, the period of the original CC stage is extended to

CC’ stage after using the BRC technique.
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In order to compensate the IR-drop voltage, a new reference voltage Vzgrc, which is the
summation of the increment voltage V¢ and the original reference voltage Vggr, is

introduced. The increment voltage Viyc is defined as [20]:

Vive = Varo =Viar) % = 1Ry, 4)
R +R, R +R,
VBar, Varo
A
R
Vasre =Vigre % {1 + R_]J ___________________ A * _____
2 PLae b
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|
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Fig. 13. The improved waveform at the end of charging process after using the BRC
technique.

Thus, the voltage of the battery pack system is charged to a higher voltage level at the
end of the CC stage. The Li-lon battery cell can be stored 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 reference voltage at the CV stage is decreased back to its
original value gradually. Thus, the battery can be charged to the designated voltage Vruyrr
when the charging process is ended. By using the dynamic reference voltage method, not only
the charging time can be decreased but also the overcharging problem will not occur in the

charging process.
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3.2.2 The Estimation of the External Resistance at the CC

Stage

In order to determine the value of the variable external resistance, it is important to find
out a method to accurately estimate the value. Before the charging process is switched to the
CV stage, the voltage Vz4r0 at the Li-lon cell is smaller than the specified voltage Vi, due
to the IR-drop voltage. Based on the fact that charger charges the battery cell tardily when the
battery voltage Vp4r is close to 4.2V, the voltage Vz4r0 of the Li-ion cell can viewed as a
constant during a short test time.

At the beginning of the estimation, the charging current is changed from Icure: to Icure:-
It causes a voltage difference at thebattery voltage.Vz4r owing to the voltage drop across the
external resistance R,. as depicted. in Fig. 9: ‘At the Li-lon battery pack, the two battery
voltages V; and ¥V, can be written as-(5).and.(6) according to the two different charging

current Icurg: and Icpre:, respectively.

Vi = g * Rpack )V par01 &)

Vs = (L cypes * Rpack) WV pur00 (5)

According to the previous assumption that Vzsro; and Vpyroz are equal to each other

within a small charging time, the external resistance R4 can be estimated by (7).

V-V,
1

R , assuming that ¥V .0, = V10, ©)

ack ~
b I

CHRGI ~ * CHRG2

Therefore, if the three parameters Icurer, Icrre2, and V; are pre-defined, the value of Ryucx
can be determined by the estimated value of the battery voltage V>. The BRC technique

provides the internal detection method to acquire the voltage, V.
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3.2.3 The Proposed Architecture of the Charger with the

BRC Technique

The proposed architecture of the charger with the BRC technique is shown in Fig. 14.
The compensation circuit is composed of the external resistance detector, the reference

voltage switch circuit, and the reference shift circuit.
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Fig. 14. The proposed fast-charging charger with the external resistance estimation.

The external resistance detector is used to determine the value the external resistance of
the Li-Ion battery pack. The feedback voltage V5 is equal to (8). However, the input voltage
Vear’ is designed as (9) to meet the requirement of the headroom of the detector circuit and
the supply voltage. The outputs of the external resistance detector contain two parts. One part
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is the 9-bit digital code to determine the new reference voltage. 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 during the estimation period. Finally, according
to the 9-bit digital code, the reference shift circuit outputs a compensated reference voltage,

Vrerc to extend the period of the CC stage.

R, +R
Vep = —_— 3 7
FB BAT Rl +R2 +R3 ( )
R R
v, '=V.,.—3 =V, .3 8
BAT Fi Rz +R3 BAT Rl +R2 +R3 ( )

For the reference voltage switch circuit, the input voltages V,; and V,; are used to decide
the charging current at TC stage and CC stage, respectively. That is the voltage Vsgr is set to
V.1 (or V,3) at the TC (or CC) stage under normal charging process. Undoubtedly, the value of
V3 is larger than that of V,; for ensuring a'large charging current at the CC stage. Here, a new
rated voltage V., is used to decide another charging current at the CC stage for the external
resistance estimation. Thus, the values-of the twe constant charging currents /cxre; and Icpre:

can defined as (10) and (11), respectively.

V
I —__r3 (9)
CHRG1 RSET
v
ICHRGZ = er (10)

The value of the voltage Vsgr is maintained at the value of V,; at the CC stage for
conventional design. However, for the proposed charger, the value of Vg7 is changed from
V.3 to V,, at time (#;) and set back to V,; at time (#;) at the end of CC stage during the
estimation of the external resistance. The variation of the value of the voltage Vsgr will cause
a variation of the charging current. Consequently, the voltage at the Li-Ion battery pack also

will be affected due to the different IR-drop voltages. That is the battery voltage Vz,rchanges
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from V; to V> as depicted in Fig. 15. Referring to equation (7), the voltage of V; is pre-decided
and the voltage of ¥V, is needed to be estimated. In order to accurately detect the variable
external resistance in the Li-lon battery pack, the predefined detection point is designed at
Vear=V;=4V. In the proposed charger, the value of the R;+R; is equal to the value of R; to
sense half the value of Vz,r. According to (9), the voltages V; and V', are redefined as V;’ and
V,’, respectively. That is the values of V;” and V,’ are half of that of V; and V). In the

meanwhile, the value of V;’ is equal to 2V.
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Fig. 15. The waveform of battery voltage during detecting period.

The simulation of the waveform of the detection period is shown in Fig. 16 and Fig. 17
respectively under different condition. Fig. 16 shows the voltage variation of V470 during the
detection period when the external resistance is 150mQ. The charging current is switched

from Icurgr (500mA) to Iemre2 (300mA), and the corresponding Vsgr’ is from 1.5V to 0.9V.
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Referring to equation (12), the voltage drop of Vz4ro when the external resistance is 150mQ

is:

Viropiso = (ICHRGl — [CHRGz)x R, 150 = (SOOmA - 300mA) x150mQ =30mV
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Fig. 16. The waveform of Vz4r, Vsaro, Vser’, and Icyre during the detection period,

The voltage drop of V3470 when the external resistance is 300mQQ is:

Vdmp300 = (ICHRG1 —1 v ) X Rpack300 = (SOOmA - 300mA) x 300mQ = 60mV

Rpacr=150mQ
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Fig. 17. The waveform of Vgip VgATO, Vsez’s.and Icyre during the detection period,

Rpai=300mQ

The Fig. 16 and Fig. 17 show that the detection period starts when the voltage of Vzur

reaches 4V. The value is the pre-defined voltage and the charger is closing to the transition

point from CC to CV stage at this period to acquire the more accurate external resistance.

Obviously, the detection period is able to neglect to the whole charging process. The charging

process would not be effect with the proposed technique.
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3.2.4 The Proposed External Resistance Detector and the

Reference Voltage Switch Circuit

Fig. 18 shows the whole detailed circuit of the external resistance detector. The value of
the voltage Vp4r’ is V;’ at time ¢, when the control signal @, turns from low to high and the
value of the voltage Vz4r reaches 4V. Certainly, the value of the voltage Vsgr’ is V3 for
defining the charging current /cprg;. By using a sample-and-hold (S/H) circuit [21], the
voltage V;’ is stored on the capacitor Csz;. When the value of the voltage Vsgr’ reaches V., for
defining the charging current /cyre2,sthe control signal @, turns from high to low and the
estimated value of V,” at time #;s stored:on the.capacitor Csy,. The two values V;” and V)’
are sent to the differential inputs-of the G, amplifier, which has the transconductance of 2/Ry,
as shown in Fig. 18 (a) [22], [23]: The charge injection and clock feed-through of the S/H
circuits can be ignored owing to the differential operation. Thus, the accuracy is not affected
during the detection period. The value of the output current Iprop is proportional to the
difference of the two voltages V;” and V>’. The expression of the current Iprop is shown as

(14).

' ' 2 ' ' 2 2
Toror = G (R=1) = (=1, ) =2 2 (1 =) = 2IR

Vi Vi Vi

oC ]Rdrop ( 1 3)

drop

As illustrated in Fig. 18 (a), the current /pgop is mirrored to bias the delay-line circuit in
Fig. 18 (b) [24]-[26]. The larger external resistance causes a larger /R4, voltage, and
thereby resulting in a larger biasing current /pgrop. Therefore, the delay time of the delay line
circuit is inversely proportional to the /R, voltage. That is a large voltage IR, voltage

can be interpreted as a big digital number and vice versa. Therefore, the delay-line ADC can
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output a different digital code for representing the external resistance according to the
various /R4, voltages. The reference shift circuit then increases the reference Vier to Vigrc

according to the 9-bit digital code.

Vap

Delay-line -
9 Digital
Vi ADC [ o

7.1
RESET VTRIG

|
Vep 0—-¢
|

RESET)|

M P82

VBN

Trigger Signal .\ o prT, '—o BIT, '—o BIT, |

Viric) e — e — — —— — s — J

Fig. 18. (a) The schematic of the circuit of external resistance detector with an on-chip

sample-and-hold circuit. (b) The schematic of the delay line circuit.



The simulation results of the sample and hold circuit are shown in Fig. 19 and Fig. 20.
Fig. 19 is the waveform of Vz,r" and V;’, and V;’ is pre-designed to be sampled when the

Vsar’ 1s 2V. The pass transistors are controlled by the signal @; and the cap, Csy; reserves the

value, 2V.
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Fig. 19. The waveform of V347" and V;” during the detection period

Fig. 20(a) and Fig. 20(b) are the voltage Vp4r" and V, ’of S/H circuit under the condition
that R,.x=150mQ and 300mQ respectively. Referring to the zooming vision, it is clear that
the voltage on the storage capacitance, Csp, could follow the value of V47" and the voltage of
that at time #; referring to Fig. 15 is reserved precisely. Referring to equation (12), since the
values of V;” and V" are half of that of V; and V>, the voltage of V" is 1.985V and 1.97V. The
circuit could record the voltage of V;” and V> and send both the two signals to Gm-Amplifier

to acquire the current proportional to the differential voltage of that.
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The function of the delay line circuit is shown in Fig. 21. The circuit sends the voltage
level of digital code from BIT) to BITswhen the control signal Vg is asserted. When the
external resistance is 150mQ2, the digital bits are all low and the bits are all high when the
resistance is 300mQ. Besides, the simulation shows that the delay time of each bit is different
since the different /prop. Referring to equation (14), the delay time under the 150mQ would

be longer than 300mQ because of the smaller /prop.
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Fig. 21. The 9-bit digital code of the delay line circuit, (a) R),cx=150m€, (b) Rpacx=300mQ
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3.2.5 The 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 external resistance detector is sent to the reference shift circuit to
add the incremental voltage Viyc to the Vzgr according the value of the digital number, which
is converted by the delay-line ADC in Fig. 18 (b). Referring to Fig. 22, the current, Iy, I;..., Is
and /p,. are determined by the value of the voltage Vsgr'. According to the related documents
about Li-Ion cell battery, the external resistance of the Li-lon battery pack may vary from

150mS2 to 300mQ.

Vser ’O_L"I L i]l T_‘@q i]x
Digital Code—%
) -

VBA T
VreFc o I I
Vi
RCO BATO
VREF
AVC 1 = Ibu.\'(' x RCO

AV, =1,x R, where i=0~8

Fig. 22. The reference shift circuit generates the BRC reference voltage Vzgr’ by adding the

increment voltage Vyc to the original reference voltage Vizgr.

Assuming that the minimum external resistance is 150mQ, the needed minimum
compensation current is the base current /.., which flows through the resistor Rcp and
decides the minimum new reference voltage Vzgrc. The minimum value of the reference

voltage Vrerc 1s expressed as (15).
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R, + R,

Vrercmig = Veer T (] pase X Reo ) =Veer + (1 50 mQ ) XA cppe X —————
R +R,+R,

=Veer + AV, (14)

The value of the voltage V,pp is used to compensate the variation of the external
resistance ranged from 150mQ to 300m<. The value of the voltage V,pp can be expressed as
(16). Finally, the incremental voltage Vyc for compensating the reference voltage is equal to

the summation of the voltage AV¢; and the voltage Vpp.

Y N+1 R, +R
VADD :;Ii XRCO :|:T:|X1CHRG X(].SOWIQXRI:R—z-:&)j:(N‘F])XAVCZ (15)

The value of N is from 0 to 8. The corresponding compensating voltages due to different
digital codes are listed in TABLE IV. Because the assumption of the smallest external
impedance is 150mQ, 4V ¢; compensates the fundamental IR-drop of battery pack system that
is referred to equation (15). The current y, /;..., Isand Iy, are flowing through the resistor,
Rco to generate the compensate veltage drop.«The values of current 7y, [;..., Isand I, are
controlled by the value of the voltage Vsgr'.-Thus, thé values of these currents are gradually
decreased to zero when the voltage Vszr' is decreased to zero due to the decreasing current of
the transistor M¢ys at the CV stage. As‘a result, the incremental voltage Vjycwill be smoothly
decreased to zero. The reference voltage returns to the original value at the CV stage without

affecting the rated full charge voltage.

TABLE IV
THE CORRESPONDING VALUES TO THE VOLTAGE, Vinc OF DISTINCT EXTERNAL RESISTANCE,
RPACK
Rpack (mQ) Dlgltal Code Vine (mV) VRI_EFC (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
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As shown in Fig. 23 and Fig. 24, the voltage of Vzerc is shifted to the specified value.
The Fig. 23 shows the compensated Vgzgre when the 9-bit digital code is 0000000001.
Referring to equation (15), the minimum value of the reference voltage is 2.545V. During the
CV stage of the charging process, the compensated Vzzrc returns to its original value, 2.5V.

Digital Bits = 000000000 ( @R e = 150 mQ)

*¥ charger ¥*
wwwww

100w LBFFO |
i 3 |
B BITI |
Tuﬁm 1 prT). |
“~ “6 DITZ |
&Mm i |
100m 4|,BIT3 |
NV s
S0y [BIT4 i
‘NN AL gl 1
(=) 10 4LBJ'T5 |
=~ om 3 |
% ABIT6 |
Tﬁﬁm E| 7Y & ard |
“6 D11 |
w0 \BrTS |
F T T T T 1
25m 30m 35m Ely A
Time (lin) (TIME) Time
¥* charger ¥
%62
2.6
N
::2.58
= 2PV 4 45mV
N [ S
m~ 254 |
221275 V'\ ( Comipensated Vggre foF IR=diop
2.5
r T T T T 1
25m 30m 35m 40mrgre
Time (lin) (TIME) Time

Fig. 23. The waveform of the digital bits, 0000000001 and compensated Vzgr" for IR-drop

Fig. 24 shows the compensated Vzerc corresponding to the 9-bit digital code, 111111111.
The external resistance is larger than 300mQ and the BRC technique would shift the reference
voltage to the max degree to achieve longer CC stage. The max value of Vjyc is calculated by
equation (15), (16) and the number of N is 8. That is the V;ycunder the resistance of 300mQ2 is
2.59V. Similarly, the compensated Vzzrc is decreased to zero gradually to diminish the effect

at CC stage.
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Fig. 24. The waveform of the digital bits; 111111111 and compensated Vzgr’ for IR-drop

After the implementation the proposed charger with the BRC technique, the period of the
CC stage can be extended to charge much more energy to the Li-lon battery cell and the
over-charge problem also can be avoided. The most important advantage if the BRC
technique is that the IR-drop of the external resistance could be compensated well to fasten

the charging process but not violate the original charging system.
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3.3 The Whole Circuit Simulation of the

Charger with BRC technique

The Fig. 25 shows the simulation result of the voltage level of Vz4r and the charging
current. From the waveform of the voltage variation, it is clear that the compensated voltage,
Vsaro reaches the rated voltage earlier than the original one. The shift reference voltage makes
the charger stays in CC stage for longer time. After the battery reaches the rated voltage, the
reference voltage decreases to the original designed value dynamically and regulate the cell in
4.2V. From the current comparison scheme, the time of degrading current after compensation
is shorter than that of uncompensatedione. It implies that the greater part of the energy is

stored during the CC stage and only the few part of the energy supplied in CV stage.
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Fig. 25. The whole circuit simulation of the charger with BRC technique
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Chapter 4

The Environmental Set-up and the
Measurement Results of the Charger
with BRC

The Chapter 4 illustrates the experimental result of the charger with the BRC technique.
This Chapter is divided into three sections. The section 4.1 introduces the specification and
chip micrograph and the demonstrationtdiagramref the proposed charger with BRC technique.

The section 4.2 is the measurement results of-the charger.

4.1 The Environmental Set-up and Chip Micrograph
of the BRC Charger

The proposed charger with the BRC technique was implemented in TSMC 2P4M
0.35-pum CMOS technology. The input range of the power supply is from 4.5v to 6.5v, and the
rated full-voltage of the battery is 4.2V. The threshold voltages of nMOSFET and pMOSFET
are 0.55 V and 0.65 V, respectively. TABLE V lists the detailed specifications of the proposed

charger.
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TABLE V:

SPECIFICATIONS OF THE PROPOSED CHARGER WITH THE BRC TECHNIQUE

Vob 4.5V~6.5V
Ccell 10000 ,uF
Ryick 150 m ~ 300 mL
Vrl 015V

Vr2 0.9 V

V.3 15V

Rser 3.0 KQ
V®REF 25V

ViuLr 4.2V

Vi 4.0V

vy’ 20V
Icuraci 500mA

1 CHRG2 300mA

The set-up of the test chip is shown in Fig. 26. The pin of EN_BRC can be set to low to
turn off the BRC technique system:The supply voltage of charger is 5V and the fully charged
voltage Vryrris 4.2V. In order to emulate the-external resistance of the battery pack system,
one resistor Ry« of 300 mQ is used to;stand-forythe €xternal resistance. Furthermore, in order
to monitor the charging process within ashort period, one large capacitor Ccgzz of 10000uF is

used to emulate the large capacity of the Li-lon battery.

T

L 7
O0— Enable Vear
Charger IC
Rpack
O— EN_BR C VB ATO
O— Vser
T Ceen

GND
Fig. 26. The estimation set-up of the proposed charger.
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Fig. 27 is chip micrograph of the proposed charger with BRC technique. The silicon area

is 1300x850pum?. The chip was implemented in TSMC 2P4M 0.35-pum CMOS technology.
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Fig. 27. Chip micrograph.
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4.2 The Measurement Results of the Charger

As illustrated in Fig. 28, the waveform of the battery cell Vz,4r0 is presented based on the
smooth control circuit. The enable signal is used to control the charging process. By adopting
the current control method in the design of CA amplifier, the charger smoothly switches from
the CC stage to the CV stage without any iteration between the CC and CV stages. The
current loop, which is composed of the CA and MA amplifiers, is gradually turned off. The
charger becomes a linear regulator after the voltage loop, which is constituted by the VA
amplifier, controls the charger. Besides, the common usage range of the Li-Ion battery is from
2.5V to 5V. When battery is discharged to 2.5V, the stored energy of the battery is empty and
needed to be charged. That is, the batteryis usually charged from about 2.5V.

I
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|
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i I
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frLTl J Z1  zool
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78 msidy 100 kS 20 kais

W= 22455ms

Fig. 28. The smooth charging waveform from the CC to CV stage achieved by the analogy

method.
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Since the output capacitor is 10000pF, it is easy to find out the charging time of the TC
stage is 500ms. In Fig. 29, the estimated result is similar to that got from the calculation.
Furthermore, the period of the CC and CC’ stages are 22ms and 32ms, respectively. The

period of the CC stage is extended to about 40% that of the original charger without the BRC

technique.
i Compensated
1% L s e | Ny
BATO ! | | /n e 4.2V
Extension of the CC stage : _\rlL» Original
cc !
/ I Zoom-in
So
S
S
~

Extension|of the CC stage

CV stage

CV'’| stage
LT A e
to

)

=32ms

Roll 5.0
100 kS !

Fig. 29. The waveforms of the voltage V410 w/i and w/o the BRC technique. The CC stage of

the original design is extended to the CC’ stage of the BRC design.

Due to the external resistance is 300m€, the digital number of the detector is 1111111111.
Then, the reference-shift circuit adds the max shift-voltage to the reference voltage Vyzgr for
compensating the IR-drop voltage. Thus, the voltage Vz4ro at the Li-lon cell can reach the
specific voltage, 4.2V more quickly than that of the original design without the BRC
technique. From the zoom-in window in Fig. 29, the voltage V410 can be rapidly raised to

4.2V due to the extension of the CC stage.

In Fig. 30, the IR-drop voltage exists between the voltages Vg 70 and V4. The period of
the constant current stage can be extended from the CC stage to the CC” stage since the value

of the compensated Vp,rc is larger than that of the original Vy,r.
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Fig. 30. The waveforms of the voltages V347 and Vz4r0 w/i and w/o the BRC technique. The

voltages of the compensated V47 and V410 are got from the BRC technique.

The waveform of the voltage Fser 1s shown in Fig. 31. During the detection period, the
voltage, Vser 1s pulled low to 0.9V for a short time and back to 1.5V. The detection period is
0.5ms in Fig. 31. During the detection period,.the charger acquires the sufficient information

of the external resistance of the battéry pack system to compensate the IR-drop voltage.
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Fig. 31. The waveform of the voltage Vsgr during the detection period.
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Chapter 5

Conclusions and Future Works

In this chapter, the conclusions of the proposed circuit are shown in section 5.1.At the

end, the future works of the charger with BRC technique are shown in section 5.2.

5.1 Conclusions

This paper proposed a smooth transition method from the CC stage to the CV stage for
the Li-lon charger. Due to the external parasiti¢.resistance of the Li-lon battery pack system,
the charger circuit switches fromx the CC stage to the CV stage without fully charging the cell
to the rated voltage value. The longer-the charging time is due to the degrading current at the
CV stage. Therefore, the charger circuit-has the new BRC technique to speed up the charging
time of the Li-lon battery. The BRC technique can dynamically estimate the external
resistance of the battery pack system to extend the period of the CC stage for achieving a fast
charging response. Experimental results show the period of the CC stage can extended to
about 40% that of the original design. That is the charger with the BRC technique can

smoothly transit from the CC stage to the CV stage and have the fast charging performance.
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5.2 Future Works

This paper proposed a novel technique of the fast-speed charging charger. The charger
can detect the external resistance of the battery pack system automatically and compensate the
voltage drop to shorten the charging process. However, there are some disadvantages of the
conditional charger that can be improved.

First, the temperature is the key factor of the battery charger. The external resistance
could vary under the different temperature. In the proposed design, the detection of the
external resistance starts when the battery reaches 4V for the temperature consideration. The
temperature-dependent detection circuit could be developed to increase the accuracy of the
resistance.

Second, the issue of power: efficiency.should be considered. When the battery is
connected to the charger under the ‘low voltage, the high supply voltage is unnecessary. The

dynamic supply voltage is anothet subject to-enhance-the performance of the charger.
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