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PASSIVE CELL-BALANCING WITH DYNAMIC CHARGE CONTROL

BACKGROUND

[0001] Many devices are powered by multiple, series-connected battery cells. Although the
battery cells for such devices may be intended to be essentially identical to each other, they
sometimes have certain structural and/or other differences. For many devices, the battery cells
may be intended to be essentially identical in times of size, power capacity, maximum voltage,
and maximum current, among other things. However, battery cells may not match each other
perfectly, and differences between associated battery cells, where such differences include, for
example, power capacity, maximum voltage, and maximum current, tend to increase over time.
As a result, the cells within the series can be (or can become) unbalanced. Two battery cells that
are “unbalanced” do not re-charge in unison, even when they are subjected to the same voltage
and current charging conditions. Two battery cells that are “balanced” can be re-charged from
the same starting voltage to the same ending voltage over the same time frame by applying the
same voltage and current charging conditions to the two cells. When re-charging (or charging)
unbalanced batteries, the cell with the highest voltage is at risk of being overcharged, while cells
with lower voltages do not become fully charged. The cells that do not become fully charged do
not have as much power capacity as they would if they were fully charged, and therefore cannot
be fully utilized by the device which is intended to be powered by the cells. This problem with
charging battery cells can reduce the total run time of the devices to which the battery cells are
connected.

SUMMARY

[0002] This description relates to a device for charging battery cells, where the device includes:
conductive lines to be coupled to battery cells; a charge control circuit coupled to the conductive
lines to charge the battery cells, and to determine voltages of the battery cells; and switches to
balance the voltages among the battery cells. The charge control circuit is configured to charge
the battery cells while determining the voltages of the battery cells, and suspend from charging
the battery cells before determining the voltages of the battery cells in a second stage.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0003] FIG. 1 is a block diagram of an example of a battery-cell charging device connected to a
battery pack, where the battery pack includes an array of serially-connected battery cells, and
where the battery pack is connected to an electronic device;

[0004] FIG. 2 is a cell-balancing timing diagram for the charging device of FIG. 1;

[0005] FIG. 3 is a flowchart for a method of operating the charging device of FIG. 1; and

[0006] FIG 4 is another flowchart for the method of operating the charging device of FIG. 1.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0007] This description relates generally to one or more passive cell-balancing solutions.
Referring now to the drawings, where like reference numerals designate like elements and steps,
there is shown in FIG. 1 an example of a charging device 10 for charging a series-connected
array 12 of battery cells 14. The array 12 may be located within a battery pack 16. If desired,
the battery cells 14 are individually, or all at the same time, removed from the battery pack 16,
and replaced by new, but otherwise similar, battery cells. This description is applicable to any
number of battery cells 14, such as four or more battery cells 14 as illustrated in FIG. 1.
However, if desired, a battery pack can have only two or three battery cells 14. Moreover, this
description is applicable to devices and systems which have battery cells but no battery pack.
The devices, systems, and methods described herein are examples; this description is not limited
to the devices and systems shown in the drawings.

[0008] As illustrated in FIG. 1, the charging device 10 is positioned to be used with a battery-cell
array 12 which is electrically connected (18) to an electronic device 20, and can provide
electrical energy, through the connection 18, for the electronic device 20. If desired, the battery
pack 16 is detachably connected to the electronic device 20, or the battery pack 16 may be
structurally integrated into the electronic device 20 and not easily removable from the electronic
device 20. The electronic device 20 is, for example, a personal computer, a cordless power tool,
an electric vehicle, or an uninterruptable power supply device.

[0009] As illustrated in FIG. 1, the battery pack 16 has first and second conductive lines 22, 23
for charging the battery cells 14 and/or for measuring the voltages of the battery cells 14. The
first conductive line 22 is electrically connected to a positive terminal 24 of a first battery cell 14,
for charging the battery-cell array 12. The first conductive line 22 is also used to measure the
voltage of the first battery cell 14. A last one of the second conductive lines 23 is electrically

connected to a negative terminal 26 of the last battery cell 14 in the array 12. The other ones of
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the second conductive lines 23 are electrically connected to adjacent positive and negative
terminals 24, 26 of adjacent battery cells 14. The second conductive lines 23 are used to
measure the voltages of the battery cells 14 to which the second conductive lines 23 are
connected.

[0010] In the FIG. 1 configuration, the battery pack 16 has the one first conductive line 22
shown in FIG. 1, and four or more of the second conductive lines 23, for a total of five or more
of the first and second conductive lines 22, 23. A repeating structural pattern within the battery
pack 16 is designated by a vertical ellipsis 28. Among other things, the vertical ellipsis 28
designates one or more of the second conductive lines 23. However, if desired, the battery pack
16 can have only four or three of the first and second conductive lines 22, 23, especially if the
battery pack 16 has only three or two battery cells 14, respectively. In general, if the battery
pack 16 has N battery cells 14, then the battery pack 16 may have N + 1 of the first and second
conductive lines 22, 23. There is one first and second conductive line 22, 23 for each battery cell
14 in the array 12 plus one more second conductive line 23 that is connected to the negative
terminal 26 of the last battery cell 14 in the array 12.

[0011] The battery pack 16 also has conductive discharge lines 30 for discharging current. The
discharge lines 30 are electrically connected to the adjacent positive and negative terminals 24,
26 of the adjacent battery cells 14. As illustrated in FIG. 1, there are fewer discharge lines 30
than battery cells 14, and each discharge line 30 contains one or more resistors 32. The
discharge lines 30 each joins at one of the respective electrical nodes 34 with one of the
corresponding second conductive lines 23 and the corresponding adjacent positive and negative
terminals 24, 26 of adjacent battery cells 14.

[0012] In some implementations, a “discharging path” through a resistor 32 for the most highly-
charged of the battery cells 14 is turned on such that charging current to the most highly-charged
of the battery cells 14 is reduced while the rest of the cells 14 still obtain the full charge current.
In the configuration illustrated in FIG. 1, the discharging path for the first battery cell 14 is
through a conducting circuit 58, when the conducting circuit 58 is closed by a switch 56.
Accordingly, in the illustrated configuration, the discharging path for the first battery cell 14
extends from the negative terminal 26 of the first battery cell 14, through the associated
discharge line 30, through the associated node 34, across the associated resistor 32, through

connectors 36, 48 (described in more detail below), through associated discharge lines 52, 54,
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across the switch 56 (when the switch 56 is closed, as described in more detail below), and from
there to the positive terminal 24 of the first cell 14, through connectors 48, 36, and the first
conductive line 22.

[0013] The discharging paths for the second through next-to-last cells 14 are similar to that of
the first cell 14. For each one of the second through next-to-last cells 14, the discharging path is
through an associated conducting circuit 58, when the conducting circuit 58 is closed by a switch
56. Accordingly, for each one of the second through next-to-last cells 14, the discharging path is
from a negative terminal 26, through the associated discharge line 30, through the associated
node 34, across the associated resistor 32, across an associated switch 56, when the switch 56 is
closed, and then to a positive terminal 24 of the respective second through next-to-last cell 14,
through a resistor 32, node 34, and discharge line 30.

[0014] The discharging path for the last battery cell 14 is also similar to that of the first cell 14.
The discharging path for the last battery cell 14 is through an associated conducting circuit 58
when the conducting circuit 58 is closed by a switch 56. In particular, the discharging path for
the last battery cell 14 is from the negative terminal 26 of the last battery cell 14, through the last
one of the second conductive lines 23, through connectors 36, 48, across the switch 56, when the
switch 56 is closed, through an associated connection line 54 and a discharge line 52, though
connectors 48, 36, across a resistor 32, through a node 34, through a discharge line 30, to the
positive terminal 24 of the last cell 14. Each discharging path is “turned on” by closing the
respective switch 56. The manner in which the switches 56 are selectively closed is described in
more detail below. The effect of turning on a discharging path is described in more detail below
in connection with FIG. 2.

[0015] The illustrated charging device 10 is removable from the battery pack 16. The battery
pack 16 has electrical connectors 36 for electrically connecting the first and second conductive
lines 22, 23 and the discharge lines 30 to the charging device 10. To remove the charging device
10 from the battery pack 16, the connectors (which may be, for example, pin devices) 36 are
disconnected from corresponding connectors (which may be, for example, matching pin devices)
48 which are part of the charging device 10.

[0016] In the illustrated configuration, the resistors 32 are located within the battery pack 16,
between the respective nodes 34 and the connectors 36 for the discharge lines 30. In another

configuration (not illustrated), the resistors 32 are located within the charging device 10, such
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that the resistors 32 are removed from the battery pack 16 when the charging device 10 is
removed from the battery pack 16.

[0017] The charging device 10 has third and fourth conductive lines 50, 51 for providing
electrical communication with the first and second conductive lines 22, 23 of the battery pack 16,
and conductive discharge lines 52 for providing electrical communication with the discharge
lines 30 of the battery pack 16. In addition, the charging device 10 has conductive connection
lines 54 for conducting current through the resistors 32, and switches 56 for closing conducting
circuits 58 when it is desired to conduct current through the resistors 32. The illustrated switches
56 are connected to the connection lines 54. A repeating structural pattern within the charging
device 10 is designated by a vertical ellipsis 60.

[0018] All of the components of the charging device 10 can be connected to or integrated into
one or more integrated circuit chips 62 fabricated according to various semiconductor and/or
other processes. One or more of the conductive lines 50, 51, 52, 54 can be located on, beneath,
or within one or more layers of the one or more integrated circuit chips 62. The switches 56
include transistors or other suitable electronic devices. The electrical connectors 48 for the
illustrated charging device 10 are provided at an edge of one of the chips 62, or the connectors
48 can be consolidated together into one or more cables (not illustrated).

[0019] Current for the charging device 10 is provided through a suitable current source 64. In
the illustrated configuration, the current source 64 provides a constant current level for charging
the battery cells 14 and for operating the charging device 10. A conductive path for providing
charging current to the battery array 12 is established by the first and third conductive lines 22,
50, which connect the current source 64 to the positive terminal 24 of the first battery cell 14 in
the array 12. As illustrated in FIG. 1, the third conductive line 50 is configured to be coupled to
the negative terminal 24 of the first battery cell 14 through the associated connecters 48, 36 and
the first conductive line 22. The fourth conductive lines 51 are likewise configured to be
coupled to other terminals of the battery cells 14 of the array 12. Operational control for
charging and measuring (described below) is performed by a charge control circuit 66 which
may have a timer 68, a charging component 70, a measuring component 72 (which measures
voltages of the battery cells 14 using the first, second, third, and fourth conductive lines 22, 23,
50, 51), one or more processors 74, and one or more memories 76.

[0020] The charge control circuit 66 may be operationally connected (78) to the current source
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64 to variably control the charging current that is supplied to the battery array 12. Operational
control of the switches 56 (described in more detail below) is provided by a cell balancing circuit
80 which selectively sends signals from a suitable signal source 77, through suitable switches 79,
and onto signal lines 82 to selectively close and open the switches 56 (according to the repeating
pattern 60). The cell balancing circuit 80 is operated by signals that are received from (84) the
charge control circuit 66.

[0021] All of the battery cells 14 can, if desired, have essentially the same structure (e.g., the
same size, initial composition, initial charge capacity, initial cell impedance). However, as a
practical matter, especially as the battery cells 14 age and are used repeatedly, one of the battery
cells 14 might develop an internal cell impedance and/or charging capacity that is different from
that of the other battery cells 14. In general, aging causes a battery cell 14 to be charged more
quickly during the normal-charge stage 104. When the array 12 is used to provide DC current to
the electronic device 20 (or multiple electronic devices), over time and through repeated use, the
array 12 becomes drained and must be recharged. Each of the illustrated battery cells 14 can be
a lithium-ion (Li-Ion) rechargeable device. This description is also applicable, however, to other
suitable voltage devices, including, for example, lithium-polymer rechargeable devices.

[0022] If desired, one or more of the illustrated battery cells 14 may be replaced by battery cells
which have somewhat different structures. For example, if desired, one or more of the cells 14
can be replaced by a new cell without replacing the other battery cells in the array 12, and, if
desired, some of the cells 14 may be one or more other types of rechargeable devices.

[0023] Some examples improve cell balancing with dynamic charge control to ensure each cell
is charged properly and charging time is minimized in a cost effective manner with a single
charger structure. In some examples, cell balancing can be achieved in a single (just one) charge
cycle. These concepts, described in more detail below in connection with FIGS. 2-4, can be
implemented in accordance with this description, at least in part, by dynamic charge control as
follows: The charging device 10 follows the typical charge profile of a Lithium-ion battery.
During trickle charge and pre-charge stages, the cell 14 with the lowest voltage in the array 12
determines the transition from trickle charge to pre-charge, and from pre-charge to fast charge.
During fast charge and constant voltage charge, the cell 14 with the highest voltage dominates
the transition from fast charge to constant voltage charge. After charging is completed, re-

charging does not start until all of the cell voltages fall below a re-charge threshold.
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[0024] The solution described in the previous paragraph, and in more detail below, overcomes
one or more problems associated with the prior art to a substantial extent. The solution utilizes a
single charger structure to achieve dynamic charging and balancing of multiple cells in series
with accurate cell-balancing measurement. The optimized maximum charge current is obtained
while each cell 14 is properly charged without being overstressed. Cell balancing can be
achieved at the end of the charge cycle.

[0025] An example of the charging process is diagrammed in FIG. 2, where time advances from
left to right, where current supplied to the battery cells 14 is indicated by the stepped-line in a
lower portion of the diagram, and voltages of the most-highly charged of the battery cells 14 and
the least-charged of the battery cells 14 are indicated by the two rising lines in a top portion of
the diagram. In the illustrated process, the array 12 can be charged by the charging device 10 in
a single cycle.

[0026] At the start of the charging cycle (represented by the left side of FIG. 2), all of the battery
cells 14 typically have experienced loss of charge to various extents through use (e.g., by
powering the electronic device 20) and/or by leakage over time. For example, the most-highly
charged of the battery cells 14 has a voltage that is in the range of from 2.1V to 2.3V (e.g., about
2.2V), however, if desired, the charging process is operated with higher or lower voltage values.
[0027] Before the charging device 10 is connected to the battery pack 16, no charge is applied to
the battery cells 14, because the battery pack connectors 36 are disconnected from the
corresponding charging device connectors 48. Under this disconnected condition, the amount of
current that flows into the battery pack 16 to recharge the cells 14, attributable to the charging
device 10, is zero.

[0028] Subsequently, when the charging device 10 is connected to the battery pack 16 (when the
connectors 36, 48 are connected together, as illustrated in FIG. 1), the device 10 enters a trickle-
charge stage 100 (FIG. 2), during which a trickle charge is applied to the battery cells 14.
During the trickle-charge stage 100, the amount of current Itrickie that flows into the array 12,
from the current source 64 (toward ground 90), is a small but non-zero amount (Itrickie > 0),
such as, for example, about 100mA.

[0029] A charging process can then begin automatically (in response to the charging device 10
being electrically connected to the battery pack 16) or manually (when desired by a user), and

the charging device 10 begins operating in a pre-charge stage 102. During the pre-charge stage
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102, a small amount of current (Iprecurg) flows through the first and third conductive lines (also
referred to herein as “charging lines”) 50, 22 (Iprecurc > Itrickig), and the voltages of the battery
cells 14 increase gradually.

[0030] When the voltages of all of the cells 14 reach a predetermined low voltage (VceLL Low),
the charging device 10 enters a normal-charge stage 104. The low voltage (VgL Low) is, for
example, in the range of from 2.9V to 3.1V (e.g., about 3.0V). At the start of the normal-charge
stage 104, the current Icyg which flows into the array 12 is increased (Icuc > Iprecurg) and
maintained at a constant level (Icug). During the normal-charge stage 104, the voltages of the
battery cells 14 increase further, at a greater rate than occurs during the pre-charge stage 102. At
the same time (during the normal-charge stage 104), the difference Vprr between the voltage of
the highest-voltage cell 14 and the voltage of the lowest-voltage cell 14 increases.

[0031] Then, after a predetermined amount of time (Tnc) (measured by the timer 68) has
elapsed, the charging device 10 enters a pre-qualification stage 106, which is followed by a
qualification stage 108, a cell-balancing active stage 110, and an exit cell-balancing stage 112.
The charging device 10 can be removed from the battery pack 16 at any time, including, if
desired, during the exit cell-balancing stage 112. Processes that are performed during the pre-
qualification stage 106, the qualification stage 108, the cell-balancing active stage 110, and the
exit cell-balancing stage 112 are described in more detail below in connection with FIGS. 3
and 4.

[0032] Referring now to FIG. 3, a first (or early) step in the charging process is to enable cell-
balancing measurement (Step 200). Such enablement (Step 200) occurs in response to the timer
68 reaching the second time Tyc, at the end of the normal-charge stage 104. Upon enablement
(Step 200), the timer 68 is reset (T = 0) and started, and then the charging device 10 waits until
the timer 68 reaches a predetermined qualification time (T = Tquar) (Yes from Step 202). While
the charging device 10 waits for the timer 68 to reach the qualification time (T = Tquavr), during
Step 202, the battery cells 14 are charged continuously through the first and third conductive
lines 22, 50, under the control of the charging component 70, with electrical energy provided by
the current source 64.

[0033] Then, when the timer 68 reaches the qualification time (T = Tquar) (Yes from Step 202),
the voltages of the battery cells 14 are each measured by the measuring component 72. The

measuring component 72 determines the cell voltages by measuring the respective voltages on
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the third and fourth conductive lines 50, 51, and a determination is made by the measuring
component 72 as to whether the difference in voltage (Vprr) between the most highly-charged of
the cells 14 and another one, such as the lowest-charged, of the cells 14 meets a cell-balancing
(CB) starting condition (Step 204).

[0034] The cell-balancing starting condition is met, for example, when (1) at least one of the
battery cells 14 has a voltage equal to or greater than a predetermined threshold voltage
(VouaL tm) and (2) the difference in voltage (Vpirr) reaches a predetermined threshold (Vpirr
= Vprrr start). As illustrated in FIG. 2, the difference in voltage (Vpirr) generally increases
from a relatively small value to a larger value during charging (from left to right as shown in
FIG. 2), because one of the battery cells 14 is charged more quickly than the other battery
cells 14.

[0035] If the difference in voltage (Vprr) were not actively reduced during charging, then the
voltage of one of the cells 14 could reach an over-voltage protection value before the other cells
14 become as fully charged as desired. Consequently, during the cell-balancing active stage 110,
the rate of increase in the charging of the one of the cells 14 is actively reduced relative to the
rate of increase in the charging of the other cells 14, so that all of the cells 14 reach a desired
voltage together (with Vpwrr enp = O, or nearly 0) at the same time (at the end of the cell-
balancing active stage 110). In some examples, all of the cells 14 can be charged to the desired
voltage in a single charge cycle (with just one pass through the normal charge stage 104 and
from there through the cell balancing active stage 110).

[0036] The predetermined threshold voltage is, for example, in the range of from 3.7V to 3.8V
(see FIG. 2), and the difference in voltage Vpirr start 18, for example, about 80 mV. These
numerical values, however, are just examples. If desired, the process can be operated with
higher or lower values. If desired, the difference threshold (Vpirr start) 1s user programmable
so that a user or administrator can prioritize preferences for rapid charging and complete
charging.

[0037] In addition, the charging device 10 has a regulation loop for each one of the voltage cells
14. The regulation loops prevent the respective cells 14 from becoming overcharged while still
providing charge current to the lower-voltage cells 14. In the illustrated configuration, the
regulation loop for the first cell 14 includes the third conductive line 50, a corresponding one of

the fourth conductive lines 51, the measuring component 72, and a regulator circuit 73. In the
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illustrated configuration, the third conductive line 50, the corresponding one of the fourth
conductive lines 51, the measuring component 72, and the regulator circuit 73 are coupled to
each other, and the regulator circuit 73 is located within the charge-control circuit 66. In
operation, when and if the measuring component 72 determines that the voltage of the first cell
14 has reached a predetermined threshold indicating that the first cell 14 is at risk of being
overcharged, then the regulator circuit 73 causes the current source 64 to reduce the charge
current supplied through the first conductive line 50 so as to maintain the voltage on the first cell
14 while the lower-voltage cells 14 can still be charged up.

[0038] In like manner, the regulation loops for the respective second and subsequent cells 14
include the respective fourth conductive lines 51, the measuring component 72, and the regulator
circuit 73. If the measuring component 72 determines that the voltage of one of the second or
subsequent cells 14 has reached a predetermined threshold, indicating that the second or
subsequent cell 14 is at risk of being overcharged, then the regulator circuit 73 causes the current
source 64 to reduce the charge current supplied through the first conductive line 50, so as to
maintain the voltage on the cell 14 that is at risk of being overcharged while the lower-voltage
cells 14 are still being charged up.

[0039] Returning again to FIG. 3, if the cell-balancing starting condition has not yet been
reached (No from Step 204), then the timer 68 is restarted (T is reset to 0) and the charging
device 10 waits until the timer 68 reaches a qualification time (T = Tquar) (Step 202). TquaL 1s
the interval of time between enablement (Step 200) and qualification measurement (Step 204),
which is the same desired interval of time between an unsatisfied qualification measurement (No
from Step 204) and a subsequent qualification measurement (Step 204). Then (Yes from Step
202), the voltages of the battery cells 14 are measured again by the measuring component 72 (by
measuring voltage differences between the third and fourth conductive lines 50, 51), and a
determination is again made by the charging device 10 as to whether the difference in voltage
between the most highly-charged of the cells 14 and the lowest charged, or another one, of the
cells 14 meets the cell-balancing starting condition (Step 204).

[0040] When the cell-balancing starting condition has been reached (Yes from Step 204), then
the timer 68 is reset (T = 0) and started again, and the charging device 10 waits until the timer 68
reaches the qualification time Tquar (Step 206). As described in more detail below, the charging

device 10 applies charge to the battery cells 14 during Step 206, while waiting for the timer 68 to

10
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reach T = Tquar. Then (Yes from 206), the charge applied to the battery cells 14 and the first
and third conductive lines 22, 50 is discontinued, under the control of the charging component
70, the timer 68 is reset (T = 0) and started again, and the charging device 10 waits until the
timer 68 reaches a predetermined settling time (T = Tsgrrig) (Step 208). When the timer 68
reaches the settling time (Yes from Step 208), then the voltages of the battery cells 14 are
measured in a settled condition, while charging is suspended (Step 210).

[0041] Tsgrrie is the time from the suspension of the application of charge until the initiation of
measurement by the measuring component 72 (Step 210). The measurement can be performed
accurately in Step 210 because impedance effects that would otherwise be caused by current
flowing through the battery cells 14 and other devices are avoided (or reduced). The settling
time (Tsgrrig) is, for example, in the range of from 0.5 second to 1.5 seconds, more preferably
about 1.0 second, but the settling time could also be, if desired, in the range of from O to 100ms,
or in the range of from 10ms to 1.0 second, or in the range of from 100ms to 2.0 seconds. These
numerical values are merely examples; if desired, the process can be operated with higher or
lower values, and, if desired, the settling time is user programmable so that a user can prioritize
preferences for rapid charging and complete charging.

[0042] As soon as the measurement is performed in Step 210, a determination is made by the
charging device 10 as to whether a predetermined cell-balancing starting condition has been
reached (Step 210). If the cell-balancing starting condition has been reached (Yes from Step
210), then the process enters a cell-balancing active mode during which cell balancing discharge
starts (Step 212). On the other hand, if the determination at Step 210 is that the cell-balancing
starting condition (accurately measured, because charging is suspended during Step 210) has not
been reached, then the process returns (No from Step 210) to Step 202, and the process
continues.

[0043] Thus, according to the process illustrated in FIG. 3, a determination as to whether the
cell-balancing starting condition has been reached is performed at least twice. The determination
as to whether the starting condition has been reached is made each time the process reaches Step
204, and each time the process reaches Step 210. The determination(s) made at Step 204
ensure(s) that the process does not go far beyond the starting condition during continuous
charging, and the determination(s) made at Step 210 ensure(s) that the starting condition is

determined accurately (while charging is suspended) before the process advances (Yes from Step
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210) to the cell-balancing active mode (Step 212).

[0044] The cell-balancing starting condition that is applied in Step 210 can be essentially the
same as the cell-balancing starting condition that is applied in Step 204, but the determination as
to whether the starting condition has been met is performed with greater accuracy in Step 210
(when the battery cells 14 have been permitted to settle to avoid or minimize impedance effects).
If desired, however, the cell-balancing starting condition that is applied in Step 210 is different
from the cell-balancing starting condition that is applied in Step 204. If desired, one or more of
the cell-balancing starting conditions is user programmable.

[0045] The process that is illustrated in FIG. 3 operates in two, mutually-exclusive stages 250,
252. The second stage 252 is always preceded by the first stage 250, and the first stage 250 is
always followed by the second stage 252 (Yes from Step 204). The first stage 250 is repeated
whenever measurements taken by the measuring component 72 at Step 204 do not meet the cell-
balancing starting condition (No from Step 204). The first and second stages 250, 252 are both
repeated whenever the measurements taken by the measuring component 72 at Step 210 do not
meet the cell-balancing starting condition (No from Step 210).

[0046] The measurements that are taken in Step 204 (within the first stage 250) are performed
without suspending charging. Charging is continuous during the first stage 250. The
measurement that is taken in Step 210 (within the second stage 252) is performed while charging
is suspended, and after the battery cells 14 have been permitted to settle. The charging device 10
enters the cell-balancing active mode (Step 212) only when the measurements that are taken in
Step 210 confirm that the cell-balancing starting condition has been reached (Yes from Step
210).

[0047] The two stages 250, 252 illustrated in FIG. 3 correspond to the pre-qualification and
qualification stages 106, 108 that are illustrated in FIG. 2. The first stage 250, 106 is a
qualification stage in the sense that it proceeds until the cell-balancing starting condition has
been achieved (Yes from Step 204), but the qualification that occurs in the first stage 250, 106 is
preliminary in the sense that voltage measurements that are performed during Step 204 are not as
accurate as possible (because charging continues during Step 204, which creates impedance and
other effects). The second stage 252, 108 is a full qualification stage in the sense that the
qualification that can be reached in Step 210 is based on accurate measurements (because

charging is suspended, and the system is given time to settle).
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[0048] The two-stage approach described above solves a number of potential problems. Among
other things, if charging were never suspended during voltage measurement, the measurement
could be inaccurate, due to impedance effects, among other potential factors. By suspending
charging during measurement (Step 210 follows Step 208), voltage measurement can be
performed more accurately. The charging device 10 is able to provide this advantage because
the charging component 70 and the measurement component 72 are configured to operate
independently within the charge control circuit 66. The current source 64 can be operated by the
charge control circuit 66 to continue to charge the battery array 12 while the measuring
component 72 determines the voltages of the individual battery cells by reading corresponding
voltages on the conductive lines 50, 51.

[0049] Moreover, even if charging were suspended during voltage measurement, if the voltage
measurement occurred before waiting for a time Tserrig after the suspension of charging, the
measurement could still be inaccurate. Undesirable impedance effects could still be caused by
residual current flow through the battery cells 14 and other devices. By waiting an appropriate
time (during Step 208) for the battery array 12 and the charging device 10 to settle, the individual
voltages of the battery cells 14 can be more accurately determined. The charging device 10 is
able to provide this advantage because the charge control circuit 66 has a timer 68 connected to
the charging component 70 and configured such that the measuring component 72 does not begin
measuring immediately after the charging component 70 causes (78) the current source 64 to
suspend charging, but defers measurement until a predetermined settling time Tsgrrig
(determined by the timer 68) has elapsed after charging has been suspended.

[0050] Thus, advantages, including improved measurement accuracy, are achieved by the
charging device 10 being able to suspend charging during measurement, and even more so by the
charging device 10 being able to suspend charging, then wait for the settling time Tsgrrig to
elapse, and then begin the voltage measurements. The advantages are achieved during the
second stage 252 (during the qualification stage 108, FIG. 2), and also during Steps 306, 308
(illustrated in FIG. 4, and described in more detail below). However, if charging were suspended
for every desired measurement, then the entire charging process could be too long (the entire
charge process could take longer than desired). To overcome this potential problem, the
charging device 10 conducts some measurements (for example, during the first stage 250 (FIG.

2) without suspending charging.
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[0051] In some examples, the measuring component 72 (an element of the charge control circuit
66) sometimes takes voltage-determination measurements based on voltages on the conductive
lines 50, 51 without suspending charging (Step 204, FIG. 3), and such measurements are
considered accurate enough for purposes of the first stage 250, until a determination is made that
a cell balancing starting condition exists (YES from Step 204). Once the existence of the cell
balancing condition has been determined to exist, then voltage measurements are conducted
while charging is suspended, and after providing time Tsgrrig for the device 10 and the battery
array 12 to settle (Steps 208, 210 follow YES from Step 204). The charging device 10 is able to
provide these advantages (during the pre-qualification stage 106, FIG. 2) because the charging
component 70 and the measuring component 72 are configured to operate independently within
the charge control circuit 66, but under the control of the processor 74 and the timer 68.

[0052] Active cell-balancing starts (Step 300, FIG. 4) when the process reaches Step 212 of FIG.
3, and the charging device 10 immediately starts to operate in a charge-enable and cell-balancing
discharge mode (Step 302). During the charge-enable and cell-balancing discharge mode (Step
302), the charging device 10 applies a charging current to the battery cells 14. At the same time,
the cell balancing circuit 80 closes the switch 56 which corresponds to the most highly-charged
of the battery cells 14 so that the positive and negative terminals 24, 26 of the most highly-
charged of the battery cells 14 are electrically connected to each other through one or more
respective resistors 32. By permitting current to be conducted through the resistor(s) 32, and
through the corresponding closed conducting circuit 58, the charging current that is applied to
the most highly-charged of the battery cells 14 is reduced to Igrrective (FIG. 2), which is less
than the current Icyg that is applied to the other battery cells 14. The difference Iprr between
Icug and Igpprermve 1s related to the voltage drop across the respective closed conducting circuit
58.

[0053] However, if at any time the charge-control circuit 66 determines, from measurements
performed by the measurement component 70 on two adjacent ones of the third and fourth
conductive lines 50, 51, that a current over a predetermined threshold is being conducted through
a closed switch 56, then an error signal is communicated (84) to the cell-balancing circuit 80. In
response to the error signal, the cell-balancing circuit 80 actuates the corresponding cell-
balancing switch 79 and thereby causes the switch 56 that is in the over-current condition to

open.
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[0054] Referring again to FIG. 4, as soon as the charging device 10 begins the charge-enable and
cell-balancing discharge mode (Step 302), the timer 68 is reset (T = 0) and started, and the
charging device 10 then waits until the timer 68 reaches T = Tacrve (Step 304), which is, for
example, the same as Tquar. In each case, Tacrive and Tquar 1s a unit of time during which
charging of the battery cells 14 continues without measurement. Therefore, in each case, if
Tacrive and/or Tguar is too small a value, the device 10 inefficiently conducts measurements too
often. On the other hand, if Tacrive and/or Tquar is too large a value, then the desired
measurements are not taken often enough, such that the cell-balancing active stage 110 (FIG. 2)
might start too soon or finish too late to achieve the desired efficient and complete charging of
all of the battery cells 14.

[0055] When the timer 68 reaches T = Tacrive (Yes from Step 304), then charging of the battery
cells 14 is discontinued and discharging of the battery cells 14 is discontinued (Step 306). Then,
as soon as charging and discharging are suspended (Step 306), the timer is reset (T = 0) and
started, and the charging device 10 waits until the timer 68 reaches Tsgrrig (Step 308). The
battery cells 14 are permitted to settle for similar reasons and under similar conditions as in Step
208. The settling time (TserrLE) 18, if desired, the same value for Steps 208 and 308, or they can
be different and/or individually user programmable to accommodate preferences of rapid
charging time and accurate and complete charging.

[0056] In FIG. 4, Tacrive 1s the interval of time between each cell balancing measurement. In
other words, Tactrve 1s the amount of time the process takes to advance from Step 300 to Step
306, which can be the same amount of time the process takes to advance from Step 310 to Step
306. In the illustrated embodiment, Tacrve 18, for example, in the range of from 1.5 minutes to
2.5 minutes, more preferably about 2.0 minutes. These numerical values, however, are merely
examples. If desired, the process can be operated with higher or lower values. If desired,
TacTrve 18 user-programmable.

[0057] Advantages, including improved measurement accuracy, are achieved, during the cell-
balancing active stage 110 (after Step 212, FIG. 3, and after Step 300, FIG. 4), by the charging
device 10 being able to suspend charging during measurement, and even more so by the charging
device 10 being able to suspend charging, then wait for the settling time Tsgrrig to elapse, and
then begin voltage measurements. The advantages are similar to those achieved during the

qualification stage 108 (FIG. 2), during the second stage 252 illustrated in FIG. 3. However, if
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charging were suspended for every measurement in the process, then the entire charging process
could be too long. To overcome this potential problem, as described above, the charging device
10 conducts some measurements (especially, for example, during the first stage 250, FIG. 2)
without suspending charging. The charging device 10 is able to provide these advantages
(during the cell-balancing active stage 110) because the charging component 70 and the
measuring component 72 operate independently, but under the control of the processor 74 and
the timer 68.

[0058] If the battery cell charging system 10 determines that the exit cell-balancing condition
has been satisfied (Yes from Step 310), then the charging device 10 enters an exit cell-balancing
stage (Step 312) 112 (FIG. 2). As illustrated in FIG. 2, during the exit cell-balancing stage 112,
the charging current may be, if desired, reduced to Iterm = ItrickiE, and then, subsequent to Step
312, the charging device 10 can be disconnected from the battery pack 16, such that no charging
current (I = 0) is applied to any of the battery cells 14. According to one aspect of this
description, it is not necessary to reduce the charging current to Itggy. During or after the
charging cycle, the battery cells 14 can be used to provide power for the electronic device 20
until one or more of the battery cells 14 requires recharging, and then the single-cycle recharging
process illustrated in FIGS. 3 and 4 can be performed again to recharge the battery cells 14.
[0059] The devices, systems, and processes described herein can provide improved cell
measurement accuracy. The measurement error of the voltage difference between two cells
during cell balancing is related to line impedance, cell impedance, charge and discharge current.
By suspending charge and discharge before measuring cell voltages with a wait time added for
battery voltage to settle, the measurement error that would otherwise be incurred due to cell
impedance variation with the impact of charging or discharging can be avoided or minimized.
Also, remote voltage sense on the battery voltage is used to reduce the error due to line
impedance.

[0060] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A device for charging battery cells, comprising:

conductive lines to be coupled to battery cells;

a charge control circuit coupled to the conductive lines to charge the battery cells, and to
determine voltages of the battery cells; and

switches to balance the voltages among the battery cells;

wherein the charge control circuit is configured to charge the battery cells while
determining the voltages of the battery cells and suspend from charging the battery cells before
determining the voltages of the battery cells in a second stage.
2. The device of claim 1, further comprising a cell balancing circuit coupled to the switches to
selectively operate the switches, wherein the cell balancing circuit is configured to operate one of
the switches to reduce charge applied to one of the battery cells in response to a voltage
measurement exceeding a predetermined threshold.
3. The device of claim 2, further comprising connectors for connecting the device to the battery
cells.
4. The device of claim 3, further comprising an integrated circuit device, and wherein the
conductive lines, the charge control circuit, the switches, and the cell balancing circuit are
integrated into the integrated circuit device.
5. The device of claim 1, further comprising a timer to determine a settling time for the second
stage, during which application of charge by the charge control circuit is suspended.
6. The device of claim 5, wherein the timer is configured to determine a qualification time
during which the charge control circuit applies charge to charge the battery cells in the second
stage.
7. The device of claim 6, wherein the timer is configured to determine a time during which the
charge control circuit applies charge to the battery cells after the second stage.
8. The device of claim 6, further comprising a current source for operating the charge control
circuit.
9. A system for charging battery cells, comprising:

conductive lines;

a charge control circuit coupled to the conductive lines to charge battery cells, and to
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determine voltages of the battery cells;

discharge circuits containing switches; and

a cell balancing circuit coupled to the switches for balancing the voltages of the battery
cells by selectively operating the switches to selectively conduct current through the discharge
circuits; and

wherein the charge control circuit is configured to charge the battery cells while
determining the voltages of the battery cells and suspend from charging the battery cells before
determining the voltages of the battery cells in a second stage.
10. The system of claim 9, wherein the cell balancing circuit is configured to select and operate
one of the switches to discharge current through a corresponding resistor in response to a voltage
measurement for a battery cell which exceeds a predetermined threshold.
11. The system of claim 9, further comprising a timer for timing a settling time during which
charging of the battery cells is suspended.
12. The system of claim 9, further comprising connectors for connecting the system to the
battery cells.
13. A method of charging a series of battery cells, comprising:

determining voltages of the battery cells while charging the battery cells;

subsequently, determining voltages of the battery cells after charging of the battery cells
is suspended; and

subsequently, charging the battery cells while actively balancing the voltages of the
battery cells by conducting current through a resistor associated with a selected one of the battery
cells.
14. The method of claim 13, wherein the determining of the voltages of the battery cells while
charging the battery cells is repeated in response to a voltage determination.
15. The method of claim 14, wherein the determining of the voltages of the battery cells after
charging of the battery cells is suspended is performed in response to a voltage determination.
16. The method of claim 13, wherein the conducting of current through the resistor is caused by
closing a switch associated with the selected one of the battery cells.
17. The method of claim 13, wherein the battery cells are lithium-ion battery cells.
18. The method of claim 17, wherein the battery cells are located within a battery pack, and

wherein the method further comprises providing an integrated circuit device for measuring the
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voltages of the battery cells and for charging the battery cells.

19. The method of claim 18, wherein the determining of the voltages of the battery cells is
conducted through connections between the integrated circuit device and the battery pack.

20. The method of claim 13, further comprising determining which one of the battery cells has
the highest voltage, and discharging current through a resistor that is associated with the battery

cell that has the highest voltage.
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