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SYSTEM AND METHOD FOR EQUALIZING A
BATTERY PACK DURING A BATTERY PACK
CHARGING PROCESS

RELATED APPLICATIONS

This applications claims priority to U.S. Provisional Appli-
cation Ser. No. 61/283,279 filed Dec. 2, 2009, the disclosure
of which is hereby incorporated by reference.

FIELD OF THE APPLICATION

This application relates generally to battery cells that can
be used in electric vehicles, and more particularly to a method
and system for equalizing a battery pack during a battery pack
charging process.

BACKGROUND

Battery cells are used in a wide variety of electronic and
electrical devices. Very often, individual battery cells are
connected electrically in series to form battery packs having
higher total voltage and higher total energy storage capacity
than individual battery cells. One consequence of connecting
battery cells in series is that all of the battery cells will expe-
rience the same electrical current. Therefore, the number of
ampere-hours added or subtracted from every battery cell’s
charge level will be the same. However, individual battery
cells may have different total capacity (in ampere hours). This
is particularly true as the battery pack ages, because over time
individual battery cells degrade: battery cell resistances tend
to increase and battery cell total capacities tend to decrease. If
this process occurs at different rates in different battery cells
in a battery pack, then at some point in time one or more
battery cells may limit battery pack performance. Due to
differing total capacities and state-of-charge (SOC) levels
(due, in part, to different self-discharge rates), some battery
cells will encounter a lower operational design limit before
other battery cells when utilizing the battery pack to power a
load circuit, requiring the battery pack to stop powering the
load circuit even when there is energy remaining in some
battery cells in the battery pack. Similarly, some battery cells
will encounter an upper operational design limit before other
battery cells when charging the battery pack, requiring the
battery pack to stop charging before all battery cells are
charged to a desired upper operational design limit. This
unnecessarily limits the total energy that can be stored by the
battery pack.

To minimize the impact of differing total capacities and
self-discharge rates, battery cells in battery packs are “bal-
anced” or “equalized.” This process attempts to make all
battery cell voltages in a battery pack equal, either at some
pre-specified operating point (e.g., when the battery pack is
fully charged), or continuously. Commonly, charge is drained
from individual battery cells having voltage that is higher than
the voltages of other battery cells in the battery pack. This
operation is called “bucking” the battery cell(s). Charge is
added to individual battery cells having voltage that is lower
than the voltages of other battery cells in the battery pack.
This operation is called “boosting” the battery cell(s). Equal-
ization circuits may be designed to operate in buck-only
mode, or in boost-only mode, or both buck and boost mode. A
fourth option is to move charge from one battery cell to
another—a process called “shuffling”—but has the same
effect as equalizing in both buck and boost mode, so will not
be considered separately from that here.
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For some applications, the battery pack is either fully or
substantially recharged frequently enough that it is sufficient
to equalize battery cells during only the charging process
itself. This has the advantage that energy is not depleted by the
equalization process when the battery pack is disconnected
from the charger and unable to recoup that energy from the
charger. Furthermore, heat generated from equalization does
not need to be dissipated while the battery pack is powering a
load, so that further energy does not need to be wasted in
thermal-management activities (powering fans, etc.). How-
ever, even during charging, it is undesirable to needlessly
dissipate energy by incorrectly equalizing battery cells.

The most common approach to equalization is to compare
the battery cell terminal voltages. Battery cells having termi-
nal voltage higher than the others may be bucked; battery cells
having terminal voltage lower than the others may be boosted.
However, due in part to the nonlinear nature of the dynamics
of battery cells, voltage equalization is not the optimal
approach. Some battery cells would be bucked or boosted at
some point during the charging process that should not have
been bucked or boosted, requiring that other battery cells in
the battery pack later be bucked or boosted to compensate.
Energy is wasted. Instead, it is possible to predict which
battery cells will limit the battery pack performance and use
that information to compute which battery cells need to be
equalized during the battery charging process, regardless of
present battery cell terminal voltage. Energy will not be need-
lessly wasted due to bucking or boosting the wrong battery
cells.

Accordingly, there is a need for a method to efficiently
determine in a predictive sense which battery cells require
bucking or boosting while charging a battery pack in order to
optimize an equalization metric. This equalization metric
may seek to minimize energy that is wasted by equalization.
Additionally, the equalization metric may seek to maximize
battery cell lifetime.

BRIEF DESCRIPTION OF THE EMBODIMENTS

A method for equalizing a battery pack during a battery
pack charging process in accordance with an exemplary
embodiment is provided. The method includes receiving total
capacity estimates for all battery cells in the battery pack, and
receiving state-of-charge estimates for all battery cells in the
battery pack. The method further includes computing an
equalization metric for all battery cells in the battery pack.
The method further includes determining an equalization
action for all battery cells in the battery pack, and initiating
that equalization action. The method further includes execut-
ing a battery pack charging step.

A system for equalizing a battery pack during a battery
pack charging process in accordance with an exemplary
embodiment is provided. The system includes a subsystem
configured to receive total capacity estimates for all battery
cells in the battery pack, and a subsystem configured to
receive state-of-charge estimates for all battery cells in the
battery pack. The system is further configured to compute an
equalization metric for all battery cells in the battery pack, to
determine an equalization action for all battery cells in the
battery pack, to initiate that equalization action, and to
execute a battery pack charging step.

A computer readable medium having computer-executable
instructions for performing a method for equalizing a battery
pack during a battery pack charging process in accordance
with an exemplary embodiment is provided. The method
includes receiving total capacity estimates for all battery cells
in the battery pack, and receiving state-of-charge estimates
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for all battery cells in the battery pack. The method further
includes computing an equalization metric for all battery cells
in the battery pack. The method further includes determining
an equalization action for all battery cells in the battery pack,
initiating that equalization action, and executing a battery
pack charging step.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of a system for equalizing a battery
pack during a battery pack charging process;

FIG. 2 is a block diagram of an exemplary computational
algorithm utilized by the system of FIG. 1 to equalize a
battery pack during a charging process;

FIG. 3 is a result using an exemplary embodiment;

FIG. 4 is a result using an exemplary embodiment; and

FIG. 5 is a result using an exemplary embodiment.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

The total capacity of a battery cell is a value, usually
expressed in ampere hours (Ah) or milliampere hours (mAh),
that indicates the maximum electrical charge that the battery
cellis capable ofholding. New battery cells are manufactured
with certain nominal total capacities, but as the battery cells
age, their total capacities generally decrease.

Because total capacities often change at different rates in
different cells, and because self-discharge rates and coulom-
bic efficiencies of individual battery cells in a battery pack are
generally different, battery packs will tend to become “unbal-
anced” as they operate. For example, when powering a load
some cells will hit a lower operational limit before others, and
will limit the performance of the battery pack. Battery packs,
therefore, can benefit from being “balanced” or “equalized”
by either adding charge to individual battery cells (known as
“boosting”) or depleting charge from individual battery cells
(known as “bucking”).

The most common approach to battery pack equalization is
to continuously move charge into or out of battery cells to
equalize the battery cell voltages. This can be done while
charging a battery pack, or during operation, or both. In
charge-depleting applications, however, it is undesirable to
equalize during operation, as there is net energy loss in the
process. Furthermore, the heat generated by equalization
must be dissipated, usually by active temperature-manage-
ment schemes, which increases the load placed on the battery
pack. Additionally, equalizing voltages is not the optimal
approach, and energy is wasted (as heat) because charge will
be moved into or out of some battery cells unnecessarily.

Another approach to battery pack equalization is to equal-
ize a residual charge or residual discharge capacity based on
the present operating point of the battery pack (e.g., published
patent application 2006/0097698). This approach works well
for charge-conserving applications where equalization oper-
ates continuously. However, it is not optimized for charge-
depleting applications where equalization is done only during
the battery pack charging process. Furthermore, equalizing a
residual charge or residual discharge capacity is not neces-
sarily the optimal metric to use in terms of battery pack
longevity.

Accordingly, there is a need for a method to equalize a
battery pack during a battery pack charging process that
maximizes an equalization metric. A feature of this equaliza-
tion metric is that it is continuously updated based on the
predicted state of the battery pack when fully charged, rather
than based on the present operating point. This minimizes
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unnecessary equalization and therefore energy loss. In some
applications this equalization metric may define a future goal
state where future battery cell state-of-charge levels at the
end-of-charge point are equal; in other applications this
equalization metric may define a future goal state where
future battery cell state-of-charge levels at the end-of-charge
point result in centering the dynamic operational range of all
cells’ state-of-charge levels. (This second exemplary appli-
cation recognizes that battery cell lifetime can be extended by
avoiding both very high and very low state-of-charge levels.)
In every application, the goal is to maximize some description
of battery pack performance.

To describe how the present embodiments determine
which battery cells are limiting battery pack performance, the
battery cell state-of-charge (SOC) is first defined to be a value
between 0% and 100% that indicates the relative level of
charge held by the battery cell. A state-of-charge of 100%
corresponds to a “full” battery cell, while a state-of-charge of
0% corresponds to an “empty” battery cell. State-of-charge
changes dynamically as current is sourced or sunk by the
battery pack according to the relationship

1 [ (9]
z(2) = z(n) - E‘f i dr,
Bt

where z(t,) is the battery cell state-of-charge attime t,, z(t,)
is the battery cell state-of-charge at time t,, i(t) is battery cell
current at time t, 1(t) is battery cell coulombic efficiency at
time t, and C is the total capacity of the battery cell. For many
applications, the coulombic efficiency is sufficiently close to
1.0 to be negligible in the calculation, so for clarity of discus-
sion it will not be included in the following discussion. How-
ever, the present embodiment may be used for cells having
coulombic efficiency different from 1.0 with straightforward
changes to the equations.

Given a present battery cell SOC z(t,) and total capacity C,
the number of ampere-hours can be calculated that must be
depleted from that battery cell for its SOC to encounter a
lower SOC operational design limit zmin. This value is called
the residual discharge capacity of the battery cell and its value
(in ampere hours) can be computed as

TS () =C (1)

i)

During normal operation, all battery cells in a battery pack
experience the same battery cell current, and therefore also
the same number of added or depleted ampere hours. There-
fore, when the battery pack is being charged, it is known that
the battery cell in the battery pack having the lowest residual
discharge capacity at the end-of-charge point is the cell that
will limit the battery pack performance when that battery
pack is subsequently operated in a charge-depleting applica-
tion. That lowest residual discharge capacity will be

Conn™* P TE(O) =0 CE i),

where the minimization calculation is carried out over all
of' the battery cells in the battery pack, and zmax is the upper
SOC operational design limit. Ifall cells have the same upper
and lower SOC design limits zmax and zmin, which is typi-
cally the case, then the battery cell having lowest total capac-
ity C=Cmin will limit the performance of the battery pack.
One condition for maximizing the performance of the battery
pack is then to ensure that the battery cell having total capac-
ity Cmin achieves a SOC value of zmax at the end-of-charge
point. Beyond that, different equalization metrics determine
goal SOC values for all other battery cells at the end-of-
charge point.



US 8,427,105 B2

5

The method of this embodiment then equalizes a battery
pack during a charging process as follows:

1. Battery cell state-of-charge values and total capacity
values are received for all battery cells in the battery pack;

2. The number of ampere hours that remain in the charging
process is computed as C*“2(t)=C,, . (z,,,...—Z(t)) Where z(t)
is the present SOC of the cell having lowest total capacity;

3. An equalization metric is employed to compute goal
end-of-charge SOC values of all battery cells in the battery
pack;

4. The predicted default end-of-charge SOC values that
would be achieved without equalization are computed for all
battery cells as z,(end)=z,(t)+C"*"2(1)/C, where z,(end) is
the end-of-charge SOC for battery cell k, z,(t) is the present
SOC for battery cell k, and C, is the total capacity of battery
cell k;

5. A predicted end-of-charge SOC mismatch value is com-
puted for each battery cell as the goal end-of-charge SOC
value minus the predicted default end-of-charge SOC value;

6. An equalization strategy is invoked based on the pre-
dicted end-of-charge SOC mismatch for each battery cell;

7. A battery pack charging step is executed; and

8. The cycle repeats from step 1 until the battery pack is
fully charged.

FIG. 2 is a flowchart of this embodiment.

Exemplary embodiments of this invention differ primarily
in how they perform steps 1, 3, 6, and 7. In some exemplary
embodiments, total capacity estimates are received from an
external system or method that is configured to produce these
estimates. In other exemplary embodiments, total capacity
estimates are simply set to the nominal total capacity for the
battery cell.

In one exemplary embodiment, the equalization metric
computes goal end-of-charge SOC values to all be equal to
zmax. In another exemplary embodiment, the equalization
metric computes goal end-of-charge in order to maximize the
total energy stored by the battery pack. In another exemplary
embodiment, the equalization metric centers the dynamic
range of SOC values for all battery cells within the permis-
sible dynamic range of zmin to zmax by computing goal
end-of-charge SOC as

goal _ (Zmax + Zmin) N (Cmin

P = ( 5 20, )(Zmax — Zmin)-

This particular equalization metric attempts to extend the
lifetime of the battery pack by avoiding excessively high or
excessively low SOC values for battery cells that are not
limiting the battery pack discharge performance.

In one exemplary embodiment the equalization strategy is
to buck all cells whose predicted default end-of-charge SOC
value is higher than the goal end-of-charge SOC value. In
another exemplary embodiment there may be a maximum
limit to the number of battery cells that may be simulta-
neously bucked without causing excessive heat buildup, so
the equalization strategy is to buck the cells having maximum
predicted end-of-charge SOC mismatch values. In another
exemplary embodiment the equalization strategy is to boost
all cells whose predicted default end-of-charge SOC value is
lower than the goal end-of-charge SOC value. In another
exemplary embodiment there may be a maximum limit to the
number of battery cells that may be simultaneously boosted,
so the equalization strategy is to boost the cells having maxi-
mum absolute predicted end-of-charge SOC mismatch val-
ues. In another exemplary embodiment, all battery cells
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whose predicted default end-of-charge SOC values are higher
than the goal end-of-charge SOC value are bucked and all
battery cells whose predicted default end-of-charge SOC val-
ues are lower than the goal end-of-charge SOC value are
boosted. In some exemplary embodiments, boosting and/or
bucking is suspended when the difference between predicted
default end-of-charge SOC value and goal end-of-charge
SOC value is smaller than some specified value. Other similar
exemplary embodiments are possible. The equalization strat-
egy is invoked by “turning off” bucking and/or boosting of
cells that no longer require bucking or boosting and by “turn-
ing on” bucking and/or boosting of cells that now require
bucking or boosting.

In some embodiments, a battery pack charging step com-
prises commanding a constant charging current for some time
interval. In other embodiments, a battery pack charging step
comprises commanding a constant battery pack voltage for
some time interval. In other embodiments constant charging
current or constant battery pack voltages can be commanded
for different time intervals, depending on the present status of
the battery pack.

FIG. 3 shows results from one exemplary embodiment. In

this experiment, goal z,,,,=1.0, z,,,,=00, and the goal state
was z,2°“=z, . A number of cycles of SOC versus time for

the battery cells in the battery pack are displayed in the figure,
where each cycle comprises a partial battery pack charge
followed by a full battery pack discharge. Buck-only equal-
ization was used. (A buck current of 1.0 amperes was
selected. This is higher than would typically be used in prac-
tice, and was chosen for the purpose of being able to quickly
show the effects of equalization that would normally take
longer to achieve. The same basic result is achieved using
lower buck currents, albeit requiring a longer time period to
achieve that result.) The battery pack comprised three battery
cells: the first had a total capacity of 8 ampere hours, the
second had a total capacity of 9 ampere hours, and the third
had a total capacity of 10 ampere hours. The initial states-of-
charge of all three cells were different as well. The first had
SOC of 10%, the second had SOC of 20%, and the third had
SOC of 50%. The first is plotted using a dash-dot line; the
second is plotted using a dashed line; and the third is plotted
using a solid line. (Full equalization could occur during a
charge cycle, but the charge cycles were ended early in this
example to illustrate that the pack operational range extends
after successive partial-charge cycles.)

FIG. 4 shows results from a second exemplary embodi-
ment. In this experiment, z,,,=1.0, z,,,=0.0, and the goal
state was

s (Zmax +Zmin) (Cmin

P = 5 ic, ](Zmax = Zmin)-

The other details of the experiment are identical to the first
exemplary embodiment. Here, it can be seen that the SOC
ranges of the battery cells having higher total capacity are
reduced compared to the range of the battery cell having
lowest total capacity. This reduces the stresses placed on the
higher-capacity battery cells, and extends their lifetime.

FIG. 5 shows results from a third exemplary embodiment.
In this experiment, z,,,,,=0.8, z,,,,=0.3, and the goal state was
again
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computing predicted end-of-charge state-of-charge values

oal _ (Zmax + Zmin\ _{ Coin for all battery cells in the battery pack based on the

* :( 2 ) (ZCk ](Zm‘” i) state-of-charge estimates, the total capacity estimates,
and the residual charge capacity of the battery pack;

5 computing a state-of-charge mismatch value for all battery

cells in the battery pack as the goal end-of-charge state-

The other details of the experiment are identical to the first
and second exemplary embodiments. Here, it can been that all g :
SOC ranges are reduced, and that the SOC ranges of the of-charge value minus the predicted end-of-charge state-
battery cells having higher total capacity are reduced com- . .o.f-c.harge value for .that ba‘Ftery cell;
pared to the range of the battery cell having lowest total initiating an equalization action for zero or more battery

capacity. This reduces the stresses placed on the higher-ca- cells in the battery pack, based on the state-of-charge
pacity battery cells, and extends their lifetime. mismatch value for the battery cells in the battery pack;

The system and method for equalizing a battery pack dur- and
ing a battery pack charging process provides a substantial executing a battery pack charging step.
advantage over other systems and methods. In particular, the ;5 2. The method of claim 1, where the equalization metric
system and method provide a technical effect of minimizing sets all goal end-of-charge state-of-charge values to a fixed
heat buildup in the battery pack, minimizing wasted energy, design value.
and extending battery pack lifetime. 3. The method of claim 1, where the equalization metric
The above-described methods can be embodied in the form computes a goal-end-of-charge state-of-charge value based

of computer program code containing instructions embodied 5o on an upper state-of-charge operational design limit, a lower
in tangible media, such as floppy diskettes, CD ROMs, hard state-of-charge operational design limit, and the total capac-

drives, or any other computer-readable storage medium, ity estimates.

wherein, when the computer program code is loaded into and 4. The method of claim 1 where initiating an equalization
executed by a coniputer, the computer becomes an apparatus action for zero or more battery cells in the battery pack com-
for practicing the invention. The above-described methods s prises initiating a bucking action for one or more battery cells.
can also be embodied in the form of computer program code, 5. The method of claim 4 where the battery cells that are
for example, whether stored in a storage medium, loaded into bucked are the ones having greatest absolute state-of-charge
and/or executed by a computer, or transmitted over some  mismatch values, where the state-of-charge in values are
transmission medium, loaded into and/or executed by a com- positive.

puter, or transmitted over some transmission medium, suchas 30 6. The method of claim 1 where initiating an equalization
over electrical wiring or cabling, through fiber optics, or via  actjon for zero or more battery cells in the battery pack com-
electromagnetic radiation, wherein, when the computer pro-  priges initiating a boosting action for one or more battery
gram code is loaded into an executed by a computer, the cells.

computer becomes an apparatus for practicing the methods. 7. The method of claim 6 where the battery cells that are
Whenimplemented ona general-purpose microprocessor, the 35 boosted are the ones having greatest absolute state-of-charge
computer program code segments configure the microproces- mismatch values, where the state-of-charge mismatch values
sor to create specific logic circuits. are negative.

While the invention is described with reference to exem- 8. The method of claim 1 wherein executing a battery pack
plary embodiments, it will be understood by those skilled in charging step commands a constant current from the battery
the art that various changes may be made and equivalent 40 pack charging circuit.
elements may be substituted for elements thereof without 9. The method of claim 1 wherein executing a battery pack
departing from the scope of the invention. In addition, many  charging step commands a constant voltage from the battery
modifications may be made to the teachings of the invention pack charging circuit.
to adapt to a particular situation without departing from the 10. The method of claim 1 wherein executing a battery

scope thereof. Therefore, it is intended that the invention not 45 pack charging step commands a constant power from the
be limited to the embodiments disclosed herein, but that the battery pack charging circuit.

invention include all embodiments falling with the scope of 11. A system for equalizing a battery pack during a battery
the appended claims. pack charging process, comprising:
a computer configured to receive a battery cell total capac-
What is claimed is: 50 ity estimate indicative of a total capacity of a battery cell
1. A method for equalizing a battery pack during a battery for all battery cells in the battery pack;
pack charging process, comprising: the computer further configured to receive a battery cell
receiving a battery cell total capacity estimate indicative of state-of-charge estimate indicative of a state-of-charge
atotal capacity of a battery cell for all battery cells in the of a battery cell for all battery cells in the battery pack;
battery pack; 55 the computer further configured to compute the residual
receiving a battery cell state-of-charge estimate indicative charge capacity of the battery pack based on the present
of a state-of-charge of a battery cell for all battery cells state-of-charge of the battery cell having lowest total
in the battery pack; capacity estimate and on the lowest total capacity esti-
computing the residual charge capacity of the battery pack mate;
based on the present state-of-charge of the battery cell 60  the computer further configured to compute goal end-of-
having lowest total capacity estimate and on the lowest charge state-of-charge values for all battery cells in the
total capacity estimate; battery pack based on an equalization metric, the total
computing goal end-of-charge state-of-charge values for capacity estimates, the state-of-charge estimates, and
all battery cells in the battery pack based on an equal- the residual charge capacity of the battery pack;
ization metric, the total capacity estimates, the state-of- 65 the computer further configured to compute predicted end-
charge estimates, and the residual charge capacity of the of-charge state-of-charge values for all battery cells in

battery pack; the battery pack based on the state-of-charge estimates,
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the total capacity estimates, and the residual charge
capacity of the battery pack;

the computer further configured to compute a state-of-

charge mismatch value for all battery cells in the battery
pack as the goal end-of-charge state-of-charge value
minus the predicted end-of-charge state-of-charge value
for that battery cell;

the computer further configured to initiate an equalization

action for zero or more battery cells in the battery pack,
based on the state-of-charge mismatch value for the
battery cells in the battery pack; and

the computer further configured to execute a battery pack

charging step.

12. A computer readable medium having computer-execut-
able instructions for performing a method for equalizing a
battery pack during a battery pack charging process, the
method comprising:

receiving a battery cell total capacity estimate indicative of

atotal capacity of a battery cell for all battery cells in the
battery pack;

receiving a battery cell state-of-charge estimate indicative

of a state-of-charge of a battery cell for all battery cells
in the battery pack;

computing the residual charge capacity of the battery pack

based on the present state-of-charge of the battery cell
having lowest total capacity estimate and on the lowest
total capacity estimate;

computing goal end-of-charge state-of-charge values for

all battery cells in the battery pack based on an equal-

20
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ization metric, the total capacity estimates, the state-of-
charge estimates, and the residual charge capacity of the
battery pack;
computing predicted end-of-charge state-of-charge values
for all battery cells in the battery pack based on the
state-of-charge estimates, the total capacity estimates,
and the residual charge capacity of the battery pack;

computing a state-of-charge mismatch value for all battery
cells in the battery pack as the goal end-of-charge state-
of-charge value minus the predicted end-of-charge state-
of-charge value for that battery cell;

initiating an equalization action for zero or more battery

cells in the battery pack, based on the state-of-charge
mismatch value for the battery cells in the battery pack;
and

executing a battery pack charging step.

13. The method of claim 1, wherein the step of computing
predicted end-of-charge state-of-charge values for all battery
cells in the battery pack based on the state-of-charge esti-
mates, the total capacity estimates, and the residual charge
capacity of the battery pack uses the relationship z,(end)=z,
(1) CeE2(1)/C,.

14. The method of claim 1, wherein the step of the goal
end-of-charge state-of-charge value minus the predicted end-
of-charge state-of-charge value for that battery cell uses the
relationship z,™*"**"=z,2°4_7 (end).
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