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Abstract—The continuous built-in resistance detection (CBIRD)
is proposed in the switching-based charger system to achieve fast
charging. Corresponding to built-in resistance (BIR) variation
of Li-ion battery and charging current limitation from input
energy, the CBIRD dynamically adjusts the transition voltage
at the constant current (CC) mode. As a result, the transition
timing from CC mode to the constant voltage (CV) mode can be
postponed. Rated large charging current and extended period in
CC mode effectively reduce charging time. Besides, the proposed
automatic energy deliver control (AEDC) technique considers
both loading system and battery status simultaneously to manage
charging current according to the loading system’s requirement
and input supply energy for high efficiency charging. The pro-
posed switching-based charger system was fabricated in 0.25 pm
CMOS process and occupied 3 mm? silicon area. The charger
system can save up to 40% of charging time. The charger system
achieves 87% of peak power efficiency at a rated 1 A charging
current.

Index Terms—Automatic energy deliver control (AEDC),
charger system, constant current and constant voltage (CC and
CV), continuous built-in resistor detector (CBIRD), fast charging,
power delivery path, power management system, switching-based
charger.

I. INTRODUCTION

ORTABLE devices such as smart phones and tablets

have become popular and ubiquitous. Battery-powered
portable devices require multiple DC-DC converters to supply
many different chipsets and functionalities. Fast and high-effi-
ciency battery charging has become important to meet complex
power-supply requirements. Thus, embedded power manage-
ment systems (PMS) [1] are often demanded in portable devices
to fulfill different power requirements, as shown in Fig. 1(a).
An energy deliver controller in the PMS is used to arrange
power paths to optimally distribute energy to each block. After
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that, multiple DC-DC converters convert different supplies for
various functional blocks. A charger circuit manages the battery
charging procedure. As a result, stable and continuous energy
from the power supply and battery supports multiple DC-DC
converters to provide adequate and distributive power to dif-
ferent functional blocks. Considering the design of charger
systems, low drop-out (LDO) regulator-based or switching
regulator-based structures are commonly used, as illustrated in
Fig. 1(b). The LDO-based charger has the advantages of being
ripple-free, having compact size and high accuracy, but suffers
from low efficiency due to large drop-out voltage [2]-[8].
In contrast, the switching-based charger can guarantee high
efficiency over a wide input and output voltage range [9]-[14]
with the drawback of extra external components.

In portable appliances, the Lithium-ion (Li-ion) battery is the
most common choice due to its small size, large capacity, and
recharging ability [15]. Owing to the characteristics of Li-ion
battery packs, the whole Li-ion battery charging system inher-
ently has several parasitic resistances including contact resis-
tance (RcoNTacT), fuse resistance (Rpusg), PCB wire trace
resistance (Rpcp) and cell in series resistance (RcoprL ), as de-
picted in Fig. 2(a). All parasitic resistances can be collectively
called the built-in resistance (BIR) Rpg. In a Li-ion battery
charger system, Rpir may vary from 100 mS2 to 500 m{? ac-
cording to different types of the Li-ion battery and PCB layout.
As well, the BIR has some influence on the charging process. A
large charging current will result in a large voltage drop across
the BIR. Therefore, this influence is called the BIR effect, which
is related to the BIR value and the charging current as shown
in (1):

Vieir = lcharge X FBIR- (1

Generally speaking, the standard charging procedure of
Li-ion battery includes trickle current (TC) mode, con-
stant-current (CC) mode, and constant-voltage (CV) mode [2],
[6]. CC mode is the main charging procedure due to large
rated charging current. Conventionally, the transition among
different charging modes depends on the battery voltage
Vear. When Vpar reaches the voltage Vryrr, which is the
transition voltage close to the full voltage of the battery, the
charger changes the charging mode from CC mode to CV
mode. In CV mode, the charging current will be reduced to
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Fig. 1. (a) Architecture of the embedded power management system (PMS). (b) Charger structures in the PMS.

let the battery slowly achieve the rated voltage Vpypr and to
prevent the battery from being overcharged. Fig. 2(b) depicts
the charging profile including typical CC and CV modes under
the BIR effect. During the charging procedure, the battery
voltage Vpat is the sum of the voltage across the BIR Vpig
and the voltage Vparo which exactly represents the energy
stored in the battery. However, the battery voltage can only
be sensed on the point of Vpar. Owing to the BIR effect,
early transition time happens from CC mode to CV mode. Too
early transition will cause a shortened period in CC mode and
prolong the charging time. This is due to the charging current
in CV mode is much smaller than that in CC mode. In other
words, fast charging can be achieved if the duration in CC
mode can be extended.

In order to determine a proper transition point, named as
VruLL.comp in this paper, for fast charging, there are many
previous works proposed to cancel the BIR effect by extending
CC charging time [6]—[8], [16]. If the value of BIR with the in-
formation of charging current can be estimated, the voltage drop
across the BIR can be determined. Thus, an adequate transition
point from CC mode to CV mode can be precisely derived to ex-
tend the period of CC mode to get large energy and fast charging.
By generating a compensated voltage VruLr,couvp instead of
the conventional transition voltage Vri 11, CC mode period is
extended as shown in Fig. 2(b).

In [6] and [8], the BIR compensation method is designed for
a LDO-based charger. The charger adjusts the charging current
on the BIR detection sampling timing. According to the rela-
tionship between the charging current and the battery output
voltage, the BIR information can be obtained. Prior arts for al-
leviating the BIR effect are done simply by one-time BIR de-
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tection in the charging procedure. Unfortunately, the BIR ef-
fect is temperature, voltage, and environment dependent. As
shown in Fig. 3(a), the I’y in a Li-ion battery varies under
different environmental conditions and especially at different
temperatures. During the charging process, large current flows
into the battery and causes the battery to heat up. The Rpgr
is temperature dependent, therefore one-time detection may re-
sult in a wrong compensated value. The alleviation of BIR ef-
fect will not be obvious. More seriously, improperly compen-
sated BIR effect may result in overcharging, even permanent
damage to or explosion of the battery. In other words, one-time
detection cannot handle such uncertain environmental varia-
tions during the charging process. Adaptive compensation for
the g tracks the variation of temperature and achieves pre-
cise compensation, as depicted in Fig. 3(b). Thus, real-time de-
tection of the BIR is needed to accurately alleviate the BIR
effect [9].

In this paper, a switching-based charger system with the pro-
posed automatic energy delivery control (AEDC) is presented
for fast charging and high efficiency. The AEDC is designed
to control energy delivery between the input energy, multiple
DC-DC converters, and the charger system. The proposed
charger system automatically senses the loading system’s
power consumption. The AEDC supplies the input power to the
loading system first and gives the rest of the available power
to charge the battery. The proposed continuous BIR detector
(CBIRD) dynamically monitors the BIR value to determine the
proper transition point, VruL,comp[9]. In the whole charging
process, the CBIRD will adjust the transition point in real time
in case of any small variation in the BIR to achieve fast and
safe charging.
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Fig. 2. (a) Equivalent parasitic resistances cause the BIR in the charger system. (b) Charging profile with the BIR eftect.

II. STRUCTURE OF PROPOSED CHARGER SYSTEM WITH AEDC

The architecture [13]-[15], [17] of the switching-based
charger system includes the AEDC and the charger circuit
shown in Fig. 4. The delivery paths in the AEDC is composed
of the power switches, Ms;—Mgs. The portable system can
be supplied by batteries or external power sources (adaptor,
Universal Serial Bus (USB), etc.). According to different power
conditions, the AEDC must decide a suitable power delivery
path through the power stage to balance the input energy and
system loading. If external power sources have enough energy
to drive the loading system, in the meantime, battery charging
can proceed to rated charging. On the other hand, if the energy
source is not sufficient to satisfy both charging and loading
requirements, the charging process varies with the system
loading. The BIR effect should be alleviated by the proposed
CBIRD in the charger circuit adaptively.

To satisfy all the power conditions, there are four operation
states in the AEDC. These four operation states are pure charge
state, direct supply state, plug off state, and charge and supply

(CAS) state. Fig. 5 shows the power path in each state. Each
state corresponds to different input and output relationships. In
general, the input power source has its maximum power limita-
tion. Thus, the first priority for the charging system is to keep
the sequent system working normally. According to constraints
of input power and system loading information, the energy de-
livery control circuit in the AEDC will generate gate control
signals to inform the power stage and the charger system to ex-
ecute a suitable power state. The charger circuit will collaborate
with the AEDC circuit and simultaneously adjust the charging
current for battery charging. Detailed descriptions of each oper-
ation state are shown as follows.

A. Pure Charge State

When the loading system is shut down or disconnected to the
charger system, the only loading is the battery. The energy from
the input power source completely delivers to the battery and
constitutes a pure charging state. In the meantime, the charging
current is limited by the battery’s rated charging current.
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Fig. 3. BIR effect due to BIR variation. (a) One-time BIR detection if the BIR
changes. (b) Real-time BIR detection if the BIR changes.

B. Direct Supply State

When the input power source connects to the charger system,
the loading system can work normally even if the battery is
removed. That is, the input power source can provide energy
directly to the system. This condition may also happen when
the battery is fully charged. The charger system keeps mon-
itoring battery status. If the battery connects to the charger
system again or the battery needs energy, the charging state will
quickly switch to the CAS state.

C. Plug Off State

The portable system takes the battery as the power supply
once the input power source is disconnected. Thus, the charger
system needs to provide a power delivery path from the bat-
tery to the loading system. Moreover, the battery should be
disconnected from the loading system once the battery voltage
reaches its lower bound to protect the battery from being
overdischarged.

D. CAS State

The charging function and normal system supplying opera-
tion can work at the same time if the energy provided by the
input power source is larger than that needed from the loading
system. Here, the maximum power provided by the input power
source is defined as PN max, the power consumption of the
loading system is Pyysiem, and the battery charging power is
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Peparge. This state can be divided into two cases according to
the relationship among PIN, max, Psystem and Peharge. Firstly, if
PN, max 2 Paystem + Peharge, the input power source can af-
ford total power that is consumed by the loading system and
the battery charging. Contrarily, if the total power consump-
tion exceeds the maximum power, that iS Pix inax < Peystem +
Peharge, the system’s power consumption will have a higher pri-
ority than the charging function. The proposed CAS state re-
duces the battery charging current to satisfy the power demand
for maintaining the loading system operation. Thus, the input
power source can avoid being overloaded by adjusting the bat-

tery charging power from Pepayge to P e Thatis, PIN max =

Poystem + Plyarge- In other words, the battery charging cur-
rent becomes I}, ... determined by the CAS state as expressed
in (2): '

Vin

!

I charge — (V : (IIN,max - [systenl) .
BAT

2

In Fig. 6, the CAS state shows that the charging current is lim-
ited correspondingly to the I ysem. That is to say, the charger
system is not able to charge the battery with the rated current.
The charging current will be a distributed result. The AEDC has
to control the charging current carefully to extract the remaining
power from Prx nax. Without affecting the loading system’s re-
quirement, the AEDC keeps I1n below its maximum value.

In the proposed charger circuit of Fig. 4, there are three par-
allel loops: CC loop, CV loop, and CAS loop. These three loops
will correspond to different charging operation modes. In the
CC mode, the battery should be charged by a constant current.
Thus, the CC loop consisting of a current sensor and an error am-
plifier (EA), which is the EA_CC, to adjust Icparge by the prede-
fined current setting value of Ve ser. The CV loop senses the
Viar information by feedback resistors Frp; and Rpps. Con-
ventionally, when Vg equals Vv, which represents a divided
full voltage of the battery as shown in (3), the charger circuit
enters CV mode.

Vorr — Rypo
eV — 5 5
Ryp1 + Rrpa2

VruLL. (3)

However, under the BIR effect compensation, Vv will be
modified to Vev comp by the CBIRD circuit. The CBIRD
senses the Vpar to calculate an appropriate Vov.comp to
eliminate the BIR effect in the charger system. The CAS loop
gets the supply current J1y from the supply current sensor to
limit the charging current. The reference voltage Vcas ser
represents the maximum f1~. When the loading system’s cur-
rent Isystem rises and reaches the upper bound of I1n, the CAS
loop will start operation and control the total I1x by adjusting
the charging current /.p.ree. In the operation of the charger
system, only one of the loops will activate at one time. Hence,
the smooth transition loop selector (STLS) can change the
loop smoothly during the transition among three loops [10].
No matter which loop dominates the charger system, only one
shared EA with on-chip compensator ensures stability among
all loops so that the extra components are reduced. Finally, the
feedback signal generated by the EA is sent to the comparator
to determine the duty. Logic circuits and driver block generate
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Fig. 4. Proposed switching-based charger system with AEDC and CBIRD.

the driving signals for power MOSFETs to avoid shoot-through
current.

In the CAS state, Fig. 6, the Ioyaree 1S unpredictable due to
the Zyysiem varying with the loading system. This variation may
cause the compensation of BIR effect to be more complicated
during the charging process. To compensate BIR effect, the
charger system should also take the charging current infor-
mation into consideration. Conventional one-time detection
methods, as shown in Fig. 7(a), will lead to wrong Vev, comp
when the charger operates in the CAS state [6]-[8], [16]. It
results in overcharge, even permanent damage of the battery.
The charging current variation during the CAS mode and the
BIR variation under different environmental conditions makes
it necessary to adaptively adjust the compensation voltage
Vev.coump. This proposed CBIRD gathers the information
of the recent charging current and continuously monitors the
BIR value to generate an accurate and adaptively compensated
VFL’LL,COMP~ Fig. 7(b) shows that VFULL,COMP follows the
variation of the charging current. An optimal value can be
achieved to accurately compensate the BIR effect and shorten
the charging time for a Li-ion battery.

III. OPERATION AND CIRCUIT IMPLEMENTATION
OF PROPOSED CBIRD
A. CBIRD Operation

From the characteristic of the switching-based converter, as
shown in Fig. 8, the output voltage VpaT is composed of two

parts, DC voltage and AC ripple. Through the mathematical
derivation, Vpar can be expressed in (4):

/ iChargedt- (4)

Veat = Vpe + icharge IBIR + c
BAT
The ripple is generated by the inductor current ¢.,.,ge flowing
through the battery including Rpirz and Cpat. Since the bat-
tery’s equivalent capacitor Cpar is large enough, the voltage
ripple on Cpat can be ignored. The output voltage ripple on the
battery can be approximately seen as the AV in (5), which is
determined by the BIR under the inductor current ¢cparge.

)

To compensate the BIR effect, AVzy should be derived first.
Then, the compensated Vov, comp can be generated continu-
ously. The proposed detection and compensation method will
not interrupt the charging process compared to prior arts [6]—[8].
The proposed CBIRD method derives AVy from the Vear’s
AC ripple which will not affect the charging process. The con-
tinuous detection can achieve adaptive compensation.

The switching-based charger operates similar to a continuous
conduction mode buck converter [17]. Two inductor current
slopes in charging and discharging phases constitute AC voltage
ripple at Va1, which can be used to disclose the information
of BIR. By differentiation, the DC part of Vg1 will be elim-
inated and the slope of voltage ripple across BIR could be de-
rived as (6) where the Vg indicates the voltage value after the

AVCV = iChargeRBIR, .
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input voltage Vin across two cascading power switches Mgs
and Mg, as shown in Fig. 4.

dVear
dt

=K Rpir

dVear
A = —_—
Veal = K1 i

= — K Rpm

T/1"15,6 = Kl

Ve—Vear . , .
————— in charging phase,

VBaT

in discharging phase.  (6)

Viise and Vi, are the inductor current slopes in the charging
and discharging phases, respectively. K; is the coefficient in-
duced by the differentiator circuit. The difference between Vi
and Vi, includes the information of Rpir as shown in (7):

Vr
7
Moreover, the charging current Icparge can be found by the

current sense circuit in Fig. 4 to derive AVgy . The sensing ratio
is designed as K in this work. That is, Vos = Ks * Iparge-

[Viise — Vian| = K1 llpr @)

P time

Thus, the function of AVey can be derived by (8) through the
product of the current sense signal Veg and |Viise — Vian|. Owing
to the constant value of K, Vg, and L, the AVcy can be pre-
cisely calculated through the estimation of Vg, Viise, and Viai.
Adding AV with a scaling factor Rpp2/(Rrp1 + Rrpz2) to
the original Vv, the precise transition point Ve cowmp is de-
rived as (9).

Ves X [Viise — Viall| = K2 - Ieharge X K1 - Rpir - %
=AVoy X K%
where AVey = Icharge - fipr and K = Ky - K3 (8)
Vov,comr = ﬁ - VEULL,coMP
= ﬁ - (VruLL + AVey)
Rrpo
=YV Ropy + B

X ]charge . RBIR~ (9)
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The proposed CBIRD circuit is designed to implement equa-
tions from (6)—(9). Fig. 9 depicts the circuit flow to realize the
CBIRD function. It includes the differentiator, the sample-and-
hold (S/H) subtractor, the analog multiplication—division unit
(AMDU), and the voltage adder. First, the differentiator is used
to obtain the AC ripple of Vg a1 to get Vijse and Vi, in (6) after
filtering out the DC voltage. The S/H subtractor samples Ve
and Vi, and holds their difference value in (7). Then, through
the AMDU circuit, the multiplication function multiplies Vg
with |Viise — Vian| and the division function derives AVgy in
(8). Through the voltage adder, AV(y will be scaled down by
the voltage divider ratio and then added to Vv to accomplish
Vv, comp in (9). Finally, Vov comp 1s used as the reference
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voltage to dynamically adjust the mode transition point for com-
pensating the BIR effect.

B. CBIRD Circuit Implementation

1) Differentiator: The differentiator in Fig. 10 uses the
coupling capacitor C¢ to block the DC components and to
get the AC information from Vgar. The EA and the transistor
M4 maintain a DC level at the input node of Vg4. Therefore,
only AC voltage information is converted to a current signal by
the voltage-control current source (VCCS) circuit. The rising
and falling voltage ripple information, V.. and Vi1, can be
got at the node of Vg p. Corresponding to the charging and
discharging phases, the differentiator outputs Vs and Vi,
respectively. Vi and Vi, follow the equations in (6). Be-
cause the differentiator needs settling time to ensure the Vgrp
changes its value between Vi and V1. Thus, the sampling
timing of the S/H subtractor should match the operation of the
differentiator to get correct and precise Vijse and Vi,j. The
common mode level of Vg p may vary due to process, voltage
and temperature (PVT) variation. However, the common level
will not affect differentiation result since only the difference
between Vi and Vi, will be sampled and calculated as the
BIR information.

2) Sample-and-Hold (S/H) Subtractor: In Fig. 11, the
S/H subtractor circuit samples the differentiator’s outputs in
charging and discharging phases. By selecting the sampling
path during charging and discharging phases, the subtraction
function in (7) can simultaneously be achieved. As shown in
Fig. 12, the sampling clocks, OSI and OS2 control the MOS-
FETs M3 to M4 to sample the Vgpp. In the charging phase,
M1 and Mo turn on and the Vi is stored in the Cgry . In the
discharging phase, Mys and M4 turn on and the Coyr stores
the value Viu—Viise, which is equal to |Viige—Vian| according
to the Kirchhoff voltage law (KVL).

3) Analog Multiplication-Division Unit (AMDU): Fig. 13(a)
shows the basic structure and concept of the proposed AMDU
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circuit, which is composed of two V-to-I converters ( V-to-1;
converter and V-to-Is converter), one comparator, and one
switch Ssw. The V-to-I; converter translates Ving to K117 to
charge C; with the charging slope rrq in (10). Similarly, the
V-to-I5 converter translates Vi to Kol5 to charge Co with
the charging slope 72 in (10):

_ L KiVia I,  KeVine
ST eH Cy O

K1 and K are the coefficients for the V-to-1; and the V-to-1»
converters, respectively. Once the voltage storing in C; ap-
proaches to the value of Vinj3, the output of the comparator
becomes low to turn off the switch Sgyw . Hence, it can obtain
a charging time At, which is related to Vix1 and Ving, to re-
alize division function as described in (11). Consequently, the
charging time of C5 can be determined by At#. Finally, the Vour
of the AMDU can be calculated by (12) to complete the func-
tion. The timing diagram of the AMDU is depicted in Fig. 13(b).

and mg =

(10)

my

Vixa  CiVins
At = = , 11
My EiVi (1

KQVIN2> <01V1N3>
Vour = ms X At = X
ovr ? ( Co K1V
Vine X ViNs

== =, 12
Vixi (12)

The AMDU circuit is illustrated in Fig. 14. The cascode cur-
rent mirror is used to avoid channel length modulation for en-
suring accuracy. 57 and Ss are reset switches to reset the voltage
on the capacitors after each calculation. By setting the same
value and careful layout matching for the two V-to-I converters
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and capacitors, C; = (3 and K; = K> can be guaranteed.
The output voltage of the AMDU circuit is simply composed
of Vin1, Vine and Vins as shown in (12). Consequently, substi-
tuting the parameters Ve, |Viise — Vian| and Vg to Ving, Vina
and Vins in (12) can derive the Vaypu in (13). To get AVey,
Vanpu should be modified by the voltage divide ratio through
the voltage adder to correctly reflect the BIR effect.

(H/rise - ‘/fallD

K
:AV 7 —_—
A v X T

Varmpr = Ves X (13)

4) Voltage Adder: The voltage adder is depicted in Fig. 15,
which includes a unit-gain buffer, a V-to-I circuit, and a cas-
code current mirror. The unit-gain buffer EA2 is used to keep
the Vv, The V-to-I circuit transfers the Vaympu to a current
signal for easily signal processing. After that, the current signal
is converted back a voltage signal across the resistor R through
the current mirror. R; and R are used to provide a scaling ratio
[ as shown in (14):

Vev,comp = Vov + BVampu = Vov + AVev
R Rrpa L

where 3 R, Booit Remw K- (14)

The relationship between the voltage divider, the inductor
value, and the constant K in (8) can be established by setting
the value of (3, which can be adjusted by tuning the value of
1?5 through 4-bit calibration digital codes to get a precise result.
For the unavoidable mismatch on circuits, a trimming process is
added to our design for getting an improved performance. In the
beginning of the system operation, a known ESR value is used to
adjust the value of the I-to-V resistor at output of voltage adder.
Thus, non-ideal effects can be effectively eliminated. Besides,
due to large difference between Vx and Vov cowmp, the cas-
code current mirror, Mp;—Mpy is used to avoid channel-length
modulation and ensure high accuracy in this operation. Finally,
the voltage adder implements (14) and generates the compen-
sated value Vov, comp- The Vev comp will be used as a new
reference voltage for the charger transiting from CC mode to
CV mode.

The BIR compensation shortens the charging time but may
induce a stability issue about the transition between CC mode
and CV mode. Most prior arts [6]-[8] did not discuss this
issue, which is related to the releasing of AVcy. When the
charging mode enters CV mode, AVy should be removed
from Vov,coump. Sudden change of the transition voltage
results in fierce transition, or even oscillation among different
charging modes. With the proposed CBIRD, AVgy releases
smoothly and appropriately. According to (9), AVy includes
the information of charging current. Once the charger system
enters CV mode, the charging current Ii,a.ee 1S gradually
reduced by the CV loop regulation. Therefore, the AVqy
smoothly decreases with the decreasing inductor current so as
the Vov,cowmp. Hence, smooth transition from CC mode to CV
mode can be achieved.

IV. FREQUENCY RESPONSE

In frequency response analysis, since there are three indepen-
dent loops, CC, CV, and CAS loop, each loop should be ana-
lyzed separately. It can be said that the whole system is stable



1588

Vint Vinz
? ?
V-to-I; V-to-1,

converter (K;) converter (K»)

o
I=KiVin Vins .'éOM
Ssw
+

l L=K;V i,
+ Vour
C ?I_ Vei Ve l

(&)

(a)

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 7, JULY 2014

Slope my=I,/C, \
A

Vins
VAMDU

Slope m=I,/C; | /

v »

v
Time

—  At=Viym;  —>

Start

Stop

(b)

Fig. 13. (a) Concept of the proposed AMDU circuit. (b) Timing diagram of the AMDU circuit.
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Fig. 15. Proposed voltage adder circuit.

if each individual loop is stable. It is important to ensure the
charger is stable in each charging mode.

The analysis of the three loops is based on the modeling of a
buck converter. The modeling of power stage is shown in Fig. 16
[17]. However, the output loads in the charger system are dif-
ferent from that of conventional buck converter. That is to say,
the resistive load is replaced by the battery which is composed
of one equivalent large output capacitance CgaT and the BIR in
series. Owing to large CpaT, the battery can be seen as a fixed
voltage source in an AC modeling. Three loops of the charger
system can be modeled as shown in Fig. 17 and the model pa-
rameters are listed in Table I. The power stage of the charger
can be modeled as a one-pole system, A(s). To increase sta-

Vour=Vampu

Fig. 16. Modeling of the power stage of the proposed switching-based charger.

bility of the charger, the proportional—integral (PI) compensator
with the transfer function G (s) is utilized [17]. The m is the
divided ratio of the feedback resistors. C'Sac(s) and C'Sgas(s)
represent the transfer function of the current sensing circuit in
CC mode and the CAS mode, respectively. 1/V)y is the transfer
coefficient from the EA to duty [17]. In the CC loop and the
CAS loop, the feedback signal is Icparge because the charger
tracks the charging current. In the CV loop, the battery voltage
Vear controls the charger’s charging duty, thus the feedback
signal is the battery voltage. Due to the total current limit func-
tion in the CAS loop, Iiystem, Which is the loading system’s cur-
rent, should be added with the charging current to form the total
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CScas(s) ‘_é
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Fig. 17. Block diagram of (a) the CC loop (b) the CV loop and, (c) the CAS loop.
TABLE 1
DEFINITION OF TRANSFER FUNCTIONS
Control to output transfer function PI Compensation Other parameters
G (S)— V; % 1 VR*=D[VR_(RMP_RMN)IL]
ia\®) =
Ry A(s) A+ s )
. v P R,, =R, +DR,,,+(1-D)R
Gvd (S) = VR X—1 Gc (s)= :’ ! t M M
A(S) a1+—)
* a)P R L
GCAS(S):DVRX 1 A(s) = 1+ —L 4 5(——)
RBIR A(S) BIR BIR

input current. Different operation modes will affect the con-
trol-to-output transfer functions G;4(s), G,a(s) and Goas(s)
[12]. Combining the above parameters among the three loops
in Table I, the transfer function of the three loops is obtained in

(15)<(17):
1
Tev =mGe(s) —Gua(s)
VM
mVEA, (1 + wi)

Var(1+ ) [1+

RpIr

+5( )

RpIR

1s)
}

1
ch = CSCC(b)GC(b)V_MGld(b)
VAL (1+ 2)CSac(s)

= S R L (16)
RpmVa(l + 25) [1 * e T S(Rma)]
1
Toas = CSCAS(S)GC(S)V—MGCAS(S)
- DVEA,(14+ 2)CScas(s) (17
RprVar(l+ 2) [1 + 1531; +5( rom )]

In (15)—(17), the charger could be simplified to the system
with two poles and one zero. This approximation is made by
considering that both C'Scc(s) and C'Scas(s) will not affect
the stability below the system’s unit-gain frequency. Since
the current sense circuit needs high bandwidth to track the
inductor’s current, the pole of C'S(s) and C'Scas(s), appear
higher than several hundred kilohertz. Hence, the unit-gain fre-
quency of the charger is below tens of kilohertz to prevent the

loop stability from being affected by the C'S(s). The Bode plots
of the three loops are shown in Fig. 18. The PI compensator
generates a zero w1 to perform pole-zero cancellation with the
power stage pole wps in A(s). The PI compensator also adds a
low-frequency dominant pole wp; to ensure the charger system
bandwidth can meet the specifications. wcg and wogcag are
the poles of CS(s) and C'Scas(s), respectively. As a result,
the charger system acts like a one-pole system among all loops
and thus the stability is guaranteed. Ty, Tcc and Toas have
the same phase margin since poles and zero are nearly at the
same positions in three loops.

With the addition of the CBIRD function, the charger
system generates a feed-forward path to compensate the Vi, .
Vev,comp acts as an external threshold voltage to determine
transition timing in the charging status. Once Vrp reaches
Vev,comp, the charger enters CV mode from CC mode. It is
obvious that Vov coump has no effect on the stability of the
CC and the CAS loops. However, when the charger operates
in CV mode, Vov comp becomes the reference voltage of the
feedback loop. The feedback loop controls the charging current
according to Vov comp. In the meanwhile, Vov comp is
related to the charging current. Thus, in the following analysis,
the modeling is focused on the effect of CBIRD in the CV loop.
The block diagram with the CBIRD is modeled in Fig. 19. The
differentiator performs differential function with a constant cir-
cuit coefficient K. The S/H subtractor circuit simply performs
the subtraction of two sampling values. The coefficient of the
S/H subtractor can be defined as one. The AMDU multiplies
and divides the input signal by Vg and Vg, respectively, so
that the coefficient of AMDU is defined as Vs /Vg. m is the
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Fig. 18. Bode plots of (a) the CC loop, (b) the CV loop, and (c) the CAS loop.
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Fig. 19. Block diagram of the CV loop with the CBIRD.

ratio of the feedback resistor, which is 0.5 in this design. 3 is
the coefficient of the voltage adder as mentioned in (14).

The transfer function of CBIRD 7; seems like a positive feed-
back in Fig. 19. In CC and CAS modes, the charging current is
set to a certain value and regulated by the CC and the CAS loops.
The compensated Voy comp generated through CBIRD will
not affect the charging current. In other words, CBIRD will not

affect the loop stability in CC and CAS modes. However, in CV
mode, Vov.comp is used as the reference voltage to generate
the switching charger’s duty. This makes Vv comp relate to
charging current. As the charger enters CV mode, the charging
current reduces and lowers the current sense signal Vs. Lower
Vs further reduces Vov,comp . The drop of Vay comp will re-
sult in another current drop. The above operation of CBIRD in
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Fig. 20. Measurement results of the CBIRD circuit.

CV mode will lead the compensated voltage AV convergent
to zero. Thus, Vv comp will equal to the original reference
voltage Vv . T; loop will not affect the stability of the CV loop
and the transfer function is the same as that of the CV loop even
with the CBIRD circuit. The charger system still behaves as a
one-pole system under the designed bandwidth. The system’s
frequency response is not influenced in all loops with the addi-
tional CBIRD function.

V. EXPERIMENTAL RESULTS

To verify the CBIRD circuit, a test signal which emulates
the voltage ripple is used as the input voltage VpaT, as shown
in Fig. 20. The voltage ripple is about 20 mV when the rated
charging current is 2 A and the BIR is equal to 100 m€2. Like-
wise, the voltage ripple is 60 mV when the BIR is 300 mS2.
According to (14), the AVgy should be 100 mV and 300 mV,
because the feedback resistor ratio 1 is 0.5. In the measurement
results, the values of AVgy are 105 mV and 310 mV, respec-
tively. Thus, the actual values for Vv, comp are 2.25 V and
2.15 V, respectively, when Vv is 2.1 V. The error percentage
of the VC\/'yC(_)l\;IP is less than 0.5%.

In the following measurements, the supply voltage of the
charger Vg is 5 V. The rated voltage of the battery is designed
as 4.2 V. Thus, in case of the fully charged voltage in CV mode,
the original voltage reference Vv is near 2.1 V. The switching
frequency of the charger is 500 kHz and the inductoris 10 xH. In
this work, the proposed charger has an external pin CBIRD EN
to control the CBIRD circuit as shown in Fig. 4. To emulate
the battery pack, 350 m? resistor and 1000 ;F capacitor are
used to represent the BIR and the battery capacity, respectively.
The selection of a small emulation capacitor can observe the
whole charging process within a short time to verify the pro-
posed function. Fig. 21 illustrates the conventional charging
process without the proposed CBIRD technique. The charging
current in CC mode is set to be 1 A and the full voltage is 4.2 V.
The STLS circuit ensures the loop stability between the tran-
sitions of two modes. However, it is too early to transit from
CC mode to CV mode in the control of the charger owing to
the BIR effect. Consequently, the charging time is prolonged
due to the shorten period of CC mode. As shown in Fig. 21, the
charger transit from CC mode to CV mode when Vp a1 reaches
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Fig. 21. Charging process during CC mode and CV mode without the BIR
compensation.

Vgaro
ha

an i BTN 1
l('hargu H
@ :
CC mode CV mode
3 $ i
500 mvidiv 500 mVidiv 1100 Vidiy 400 ps/div|Stop  4.000V
-3000Vofst]  -3.000vorst]  -3.000Vofst 100k 50MSis|Edge  Positive)

Fig. 22. Charging process with the proposed CBIRD in CC and CV modes.

the rated voltage 4.2 V. The real voltage of battery Ve aT¢ is not
fully charged so that the charger continuously delivers energy to
the battery with a decreasing charging current in CV mode. The
charger takes 2100 us in CV mode until the charging process
terminates.

On the other hand, Fig. 22 shows the charging process with
the CBIRD function. The measurement environment is the same
as that in Fig. 21. Due to the CBIRD technique, the transition
point of CV mode is modified from 4.21 V to 4.55 V. Therefore,
the operation period in CC mode is extended by nearly 350 ps.
In other words, the BIR effect is compensated by the CBIRD
technique. Compared to the result of conventional charger in
Fig. 21, the proposed charger could reduce the charging time
of 1300 us. In the measurement results, the emulated capacitor
charges from 0 V. However, in practical applications, the lower
bound of the Li-ion battery voltage is often set at 3 V to protect
the battery from being overdischarged. The charging time in CC
mode from 3 V to 4.2 V is approximately 800 s and 1150 s
without and with the proposed CBIRD technique, respectively.
That is to say, the proposed charger reduces the total charging
time from 2900 ps to 1600 us . The charging time is saved by
44.8%. With the proposed CBIRD method, the charging time
of a real Li-ion battery can get an improvement of 40%. This
difference between 44.8% and 40% is due to the thermal effect,
which decreases the BIR value, when the battery temperature



1592

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 7, JULY 2014

TABLE II
CHIP SPECIFICATIONS
Technology VIS 0.25um
Input Voltage (Vz) 4.5V ~5.5V
Charge Voltage 2.1V ~4.2V
Charge Current 500mA ~ 2A
Filter Inductor (L) 10uH
Switching Frequency (fsw) 500KHZ
TABLE Il
COMPARISON TABLE
TCAS 11 [2] TCAS 1[6] JSSC[12] This Work
Technology N/A TSMC 0.35um TSMC 0.18um VIS 0.25pum
‘Charger Type LDO LDO Switching-based Switching-based
Battery Type Li-lon Li-lon Li-lon Li-lon
: 82%@ 2A
) 0
Efficiency 83% N/A 86% 87%@ 1A
‘ Built-in
BIR detector method N/A Resistor N/A CBIRD
Compensator
o -
Charing T &ved N/A 40% CC time N/A 40%
: extension
Metimum Chareuie 800mA 500mA 900mA 2A
Current
Output Range N/A 2.1V~4.2V 2.1V-4.2V 2.1V-4.2V
Switching Frequency None None 2.2MHz 500KHZ
Die size N/A 1.1mm* 1.6mm* 3mm’
) CAS mode v CC mode CV mode ‘ 92
421V -
A6V =G5V, s
- ] S| o
S A~
VBA'I'O = 82 \)‘
](. harge
N y 77
A oy s 2.3V , 0.5 0.75 1 125 L5 175 2
M\'\-»WWMMMme»/’“// - =i 1‘7V Charging Current (A)

S
Ca—C (L —
1.00 Vidiv, 400 mV/div| 400 mVidiv| 200 mVidiv| 500 psidiv] Stop 4.000V
-3.000 V ofst) -3.1000 V ofst) -3.1000 V ofst] -2.850 V ofst) 100kS 5.0MSis]|Edge  Positive

Fig. 23. Charging process with the AEDC during different operation modes.

increases during the charging process. Some measurement con-
ditions such as the definition of ending charging voltage and
current also slightly affect the measured results.

Fig. 23 shows the measurement results of the whole charging
process including CC, CV, and CAS modes in the AEDC. The
default charging current in CC mode is set to 2 A. Equiva-
lent BIR resistance of 200 m{2? and equivalent capacitance
of 5000 pF are used to emulate the charging status of Li-ion
battery. In CAS mode, the charging current Icpapqe varies

Fig. 24. Power efficiency of the proposed charger circuit.

with the loading system’s power requirement. Besides, the
compensation signal Vev, comp is changed according to the
variation of Icharge. Icharge Sustains at 2 A when the charger
system operates in CC mode. Hence, in Fig. 23 the function
of CBIRD can be proved. The transition point Vov cowvp is
compensated by the CBIRD from 4.21 V to 4.6 V. It shows that
the CBIRD technique continuously calculates the BIR value
under various charging conditions. The power efficiency of the
proposed charger is shown in Fig. 24. The peak efficiency 87%
appears at 1 A of charging current and 82% of efficiency can
be achieved at the rated charging current 2 A.
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Fig. 25. Chip micrograph of the proposed switching-based charger with the
CBIRD.

Overall operation specifications of the charger system are
listed in Table II. The chip micrograph is shown in Fig. 25. The
proposed charger system with the AEDC and the CBIRD cir-
cuit was fabricated in VIS 0.25 pum CMOS technology with an
active area of 2000x 1500 zm?. Compared to prior arts [2], [6],
and [12], the comparison in Table III shows the improvements
in specifications.

VI. CONCLUSION

In this paper, a switching-based charger system with the
AEDC function and the BIR compensation technique has been
proposed. The AEDC mechanism can automatically decide an
optimal power path based on the power requirements of the
system. Furthermore, the AEDC smartly regulates the charging
current according to the limitation of input power as the exper-
imental results demonstrate. Moreover, since the effect of BIR
varies from the charging current and temperature, the proposed
CBIRD provides a real-time BIR detection to avoid over or
under compensation in the transition voltage and to extend
the charging time in CC mode. The test chip was fabricated
in 0.25 zm CMOS process and occupied 3 mm? silicon area.
Peak power efficiency of 87% and 40% charging time saving
are achieved in this work.
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