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Abstract: This paper proposes a new battery management system
(BMS) based on a master-slave control mode for multi-cell li-ion
battery packs. The proposed BMS can be applied in li-ion battery
packs with any cell number. The whole system is composed of a
master processor and a string of slave manager cells (SMCs).
Each battery cell corresponds to an SMC. Unlike the
conventional BMS, the proposed one has a novel method for
communication, and it collects the battery status information in a
direct and simple way. An SMC communicates with its adjacent
counterparts to transfer the battery information as well as the
commands from the master processor. The nethermost SMC
communicates with the master processor directly. This method
allows the battery management chips to be implemented in a
standard CMOS ( complementary metal-oxide-semiconductor
transistor) process. A testing chip is fabricated in the CSMC 0. 5
pm 5 V N-well CMOS process. The testing results verify that the
proposed method for data communication and the battery
management system can protect and manage multi-cell li-ion
battery packs.
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he li-ion battery has become the most widely used
Tchargeable battery nowadays due to its many advanta-
ges, such as higher voltage level, higher energy density, no
memory effects and no pollution to the environment!". Li-
ion battery packs of multicells in series, which provide a
high-voltage power supply, have become more and more
popular in many applications, e. g. hybrid electric vehicles,
electro motors, etc. However, as the power supply voltage
rises, the cell number should also increase. Battery manage-
ment for battery packs composed of multicells is quite
different from single cell applications, and thus challenges
arise.

For battery management, the information of each battery
cell must be acquired and processed to ensure the safety op-
eration of every single cell and hence the whole battery
pack. Refs. [2 —3] proposed methods of sampling each bat-
tery voltage in turn. The sampling is controlled by a multi-
phase clock. Therefore, the battery voltage is not monitored
at any moment. Moreover, a multi-phase clock generator is
desired. As the number of the battery cells changes, the
multi-phase clock generator must be redesigned as well. An-
other intuitive way to realize a BMS is to implement the sys-
tem in an expensive high-voltage process as described in
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Ref.[4]. Ref. [4] employs a master-slave control mode.
Each battery cell has a corresponding data acquisition mod-
ule( slave) which is identical with each other. The data ac-
quisition module acquires the information of the correspond-
ing battery cell and then sends it to the central processor
(master). When the number of the battery cells changes,
only the number of the data acquisition modules need to be
altered accordingly. However, the voltage levels at each data
acquisition module are quite different and may be rather
high with reference to the negative terminal voltage of the
battery pack. In order to make effective communications
with the central processor, the data acquisition module em-
ploys a costly communication interface implemented in a
high-voltage process.

This paper proposes a new BMS which can be implemen-
ted in a standard CMOS process and which has a lower cost
than that of a high-voltage process. The proposed BMS em-
ploys a master-slave control mode. The whole system is
composed of a master processor and a string of identical
SMCs. Unlike the existing BMS, the SMC in the proposed
system communicates with its adjacent counterparts to trans-
fer the battery information as well as the commands from the
master processor. This method makes the application easy
and flexible. A testing chip is fabricated in the CSMC 0. 5
pm 5 V CMOS process. The testing results verify that the
proposed method for data communication and the whole sys-
tem function well.

1 System Description
1.1 Block diagram

Fig. 1 is the application diagram of the presented BMS for
a battery pack with n cells. The presented system is com-
posed of a number of chips, i. e., a master processor chip
and a string of identical SMC chips. The SMC obtains the
information about the corresponding battery cell and com-
municates with the adjacent counterparts. The master proces-
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Fig.1 The application diagram of the presented BMS
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sor receives data and sends out commands through the neth-
ermost SMC only. The batteries are numbered from bottom
to top, as VB, VB,, ..., VB,. The corresponding SMC of
VB,(i=1,2,...,n) is named as SMC, accordingly. The re-
sistor R, beside each SMC is used for equalization. The ar-
row lines in Fig. 1 are the communication routes. CMN from
the master processor interacts with the charger. The input
voltage of DSC indicates whether the switch SK has been
pressed or not. And once abnormality has arisen when dis-
charging, the output port P, turns off the MOS switch to
terminate discharging.

1.2 Slave manager cell

Each SMC is an individual chip. The SMC is powered by
a corresponding battery cell. The positive terminal of the
corresponding battery cell is the power supply V., of the
SMC chip and the negative terminal is the ground. Thus, the
SMC directly senses the voltage of the battery cell and com-
pares it with the built-in references.

Different cells in the same battery pack are potentially une-
qual™™® . Therefore, some may be charged fast and some may
have a slower charge rate. In order to avoid the inequality be-
tween different battery cells becoming so severe that the
whole battery pack cannot be used any more, an equalization
mechanism is adopted in the charge management. When a
battery cell charges faster than some other ones, its charging
current will be shunted by the bypass resistor R,,. Then the
battery cells with a slower charge rate will be able to catch up
with the faster ones. The equalization circuit is illustrated in
Fig. 2. An NMOS pass device N, is used as the bypass
switch. There are four spots during the charging process,
i.e.,3.9,4.0,4.1 and 4.2 V. At the beginning of the char-
ging process, the reference V,; , is initialized at 3.9 V and it
is compared with the battery voltage V. At the same time,
the NMOS pass device is turned off for a few milliseconds.
Once the battery voltage reaches 3.9 V, N, is turned on and
the actual charging current of the battery is reduced. Mean-
while, the signal /ARV becomes “0” to flag that this battery
has reached the level of current V,; .. When all the batteries
reach 3.9 V, the master processor will send out the pulse sig-
nal /CLR to clear all the bypass branches. Simultaneously,
Vet 5o 20€s to the next step 4.0 V. The above moves repeat
until V, ;, reaches 4.2 V. In the equalization circuit, an RS
latch, where reset is prior to set, is used to control the bypass
switch N,. The bypass current is designed to be 150 mA. As a

result, N, is fairly large and needs a driver.

Fig.2 The equalization circuit in the SMC

When the battery voltage reaches 4.2 V while charging,
the SMC will give out the signal TOV to indicate that the
charging loop should be cut off. Similarly, once the battery
voltage gets lower than 2. 75 V while discharging, the SMC
will send out the signal SDC so that discharge will termi-
nate. Li-ion batteries also need temperature protection. Sig-

nals TCHG and TDSC indicate whether the temperature goes
beyond the limited ranges while charging and discharging re-
spectively.

In order to save the power consumption of the battery
pack, the whole system stays in sleep mode most of the
time. The master processor becomes active only when the
charger is plugged in or the load is connected. Once the
master processor awakes, it sends out the signal /SDN to
SMC, in order to wake up the SMCs. Meanwhile, another
signal /DSC is produced and sent to SMC, at the same time
so that the SMCs will know whether the battery pack is
about to charge or discharge.

Communications are essential in this system. The signals
about the status of the battery cells are transferred from top
to bottom; and the signals containing the commands from the
master processor are delivered from bottom to top. Fig. 3
shows the circuit module transferring a signal downwards.
And the circuit module transferring a signal upwards is illus-
trated in Fig. 4. /ARV, TOV, SDC, TCHG and TDSC are
transferred from top to bottom. Each of them has an individ-
ual transferring circuit as shown in Fig. 3. Down in is the
input port and down _out is the output port. The down _in in
SMC,(i=1,2, ...,n) is connected to the down _out from
SMC,,,. Down _in is either V,, +2Vor V. V, is the for-
ward voltage of a diode. V; + 2V, is taken as a logic one
and V, is viewed as a logic zero. A comparator achieves the
task of converting the analog input into a logic signal. Since
the input can be greater than V,, by a voltage of 2V,
down _in is divided into a half and compared with( V,, +
V5) /2. In order to have little effect on down _in, R, and R,
are much greater than R,. Down _in of the uppermost SMC,
i.e., SMC,, is connected with V,, which stands for a logic
zero. If a logic one is desired to pass onto the next SMC, the
NMOS switch at down _out will turn off and down _out will
output a voltage of 2V, which is V, + 2V for the SMC
below. Similarly, if a logic zero is desired, the NMOS switch
will turn on and down _out will produce a voltage of zero,
which is V,, for the next SMC. Logicin in Fig. 3 is fed with
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the logic signal standing for the status of this battery cell.
Taking /ARV, for example, down_ out is renamed as
/ARV _out and down _ in is renamed as /ARV _ in. The
nethermost /ARV _out will produce a logic true signal only
when all the bypass branches are turned on. The
uppermost /ARV _in has been stuck as a logic zero. As a re-
sult, logic zero must stand for true in this case. If the logical
value of /ARYV _in is true, it means that all the above SMCs
have bypass branches turned on. /ARV _out will be logic
true if /ARV _in and the /ARYV in this SMC are both true.
As for SDC, down _in is renamed as SDC in, and down _
out is renamed as SDC _out correspondingly. This time, log-
ic one must be viewed as true since the nethermost SDC out
will become logic true if any of the SMCs has its SDC logic
as true. The same holds for transferring TOV, TCHG and
TDSC.

/SDN, /CLR and /DSC are the signals being transmitted
from bottom to top. Up _in is the input port and up _out is
the output port. The up _out in SMC,(i=1,2, ..., n) is con-
nected to the up_in from SMC,,,. The PMOS switch P,
plays the same role as the NMOS switch in Fig. 3. The only
difference is that, when P, is closed, it shorts the diodes in
the upper SMC. When transferring logic one, P, is opened so
that up _out is V,; + 2V, and up _in of the upper SMC is
2V,,. Since up _out can be higher than V, by 2V, the bulk
of P, is tied to up _out. When transferring logic zero, P, is
closed and up _out is shorted to V, which is zero for the
upper SMC. An NMOS transistor as well as a resistor forms
an inverter with a relatively low threshold voltage. It con-
verts up _in into a digital signal which is suitable for normal
logic circuits. The output logout controls the operation of the
internal logic circuits. The highest voltage in the transferring
circuits is V., +2V,, which is definitely lower than 6. 0 V.
Consequently, it can be implemented in a standard CMOS
process.

1.3 The master processor

Fig. 5 shows the block diagram of the master processor.
The master processor only needs to deal with the signals from
SMC,. In the same way as SMC,, the master processor takes
the negative terminal of the battery pack as the ground. Thus
Down _out from SMC, is either 2V, or 0 for the master pro-
cessor. With the same mechanism illustrated in Fig. 4, the in-
puts can be easily converted into digital signals. On the other
hand, if the master processor wants to send out a logic one,
floating the input port of SMC, will do; if a logic zero is de-
sired, the master processor just needs to short the input port of
SMC, to the ground. As a result, a sole NMOS is suitable for
the output stage of the communication interface.

Charge management
module

Discharge management
module

Communication interface

Fig.5 The block diagram of the master processor

At the beginning of the charging process, the master pro-
cessor issues a pulse on the signal /CLR to clear all the by-
pass branches as initialization. The pulse width of /CLR is
about 1 ms. During the charging process, the master proces-
sor sends out a pulse on /CLR once it receives a logic zero
on the signal /ARV. Then all the bypasses are cleared and
V.t.5o in the SMCs goes to the next step. If the logic one on
TCHG is observed, the charging process pauses; and when
the logic one on TOV appears, the charging loop cuts off.

While discharging, the user can select whether to use the
soft start function or not. During the soft start, the average
discharging current increases step by step. Similarly, the
pulse width modulation is an available option for the user.
When overload tends to happen and the pulse width modula-
tion mode is selected, the switch in series with the load is
regulated so that the average discharging current remains
constant. In addition, the discharging process pauses when
the battery temperature is beyond the limited range, and the
discharging process terminates when the logic one on SDC
appears.

2 Experimental Results

The slave manager cell has been implemented in the
CSMC 0.5 um 5 V N-well CMOS process. Fig. 6 shows the
photograph of the chip and Fig. 7 is the photograph of the
test bench of five SMCs. In order to observe the changes on
/ ARV one by one when testing the equalization mechanism,
the initial voltage of VB,(i=1,2, ...,4) is set to be lower
than VB, ,,. So the bypass branch for VB turns on first and
that for VB, turns on last. Tab. 1 shows the measured points
where the bypass branches turn on.

Fig.7 The photograph of the test bench

When testing the discharge management, we decrease the
voltage of one battery while keeping the other four greater
than 3 V. When the battery voltage gets lower than the pre-
set discharge termination voltage, SDC _out from the corre-
sponding SMC turns logic one. So do all the SDC _outs be-
low. Tab. 2 shows the measured results.
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Tab.1 Measured results on equalization mechanism V

Battery Measured battery voltage

number Step 1 Step 2 Step 3 Step 4
VB, 3.894 3.994 4.092 4.191
VB, 3.883 3.980 4.078 4.176
VB, 3.874 3.972 4.071 4. 171
VB, 3.876 3.974 4. 073 4.171
VB; 3.925 4.026 4. 128 4.228

Tab.2 Measured discharge termination voltage v

Battery number Measured discharge termination voltage

VB, 2.749
VB, 2.744
VB, 2.742
VB, 2.752
VB, 2.765

Seen from the testing results in Tab. 1 and Tab. 2, the
built-in references in SMC have a variation of 1% . The ac-
curacy of the built-in references can be improved by trim-
ming.

In the sleep mode, the nethermost /SDN _in is floated.
Only the circuits transferring /SDN are working. And the
measured power dissipation of the system is less than 10
WA,

3 Conclusion

This paper proposes a new BMS, which employs a master-
slave control mode. The whole system is composed of a
master processor and a string of identical SMCs. Each
battery cell corresponds to an SMC. The SMC in the pro-
posed system communicates with the adjacent counterparts
to transfer the battery information as well as the commands
from the master processor. The nethermost SMC directly
communicates with the master processor. This method is
simple to apply. And it allows the battery management chips

to be implemented in a standard CMOS process at low
costs. On the other hand, as the cell numbers increase, more
SMCs are needed, which increases the costs of the system.
Nevertheless, taking the practical cell numbers of the battery
packs now in use into consideration, the cost of the system is
affirmatively less than that implemented in a high voltage
process. Furthermore, the SMCs and the master processor
can be encapsulated in the same package. In this way, the
communication between the SMCs and that between the
SMC and the master processor can be completed inside one
chip.
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