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Abstract-The use of Lithium lon (Lilon) cellsrequires a battery
management system to ensure that the Lilon cells can be operated
safely and the battery pack will operate optimally. Lithium-ion
batteries use an electrolyte that is flammable if exposed to high
temperatures. Slight differences between the series-connected
cellsin a Lilon battery pack can produce imbalances in the cell
voltages, and this greatly reduces the charge capacity. These
batteries cannot be trickle charged like a lead acid battery
because thiswould dightly overcharge some cells and would cause
these cells to ignite. There are different methods used to ensure
that the cells of a battery pack are not overcharged. The targeted
equalizer (EQU) described here can be connected to any cell via a
set of sealed relaysto provide much faster equalization and higher
efficiency than previous methods.

. INTRODUCTION

Because of their high energy density, Lithium lon (Lilon)
batteries are the preferred technology used in autonomous
underwater vehicles (AUV). These cells are aready widely
used in numerous low power applications, and they are now
finding many applications in large packs, where high power is
required. The application described here is for the AUV shown
inFigure 1.

The batteries used in this AUV consist of stacks of 3.6V, 60
Amp Hour (AH) high energy Lilon cells, each identical to that
in Figure 2.

Figure 1. Seahorse || Autonomous Underwater Vehicle
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There are a total of five parallel batteries, each containing
160 cells that are contained in cylindrical packages of 80 cells
each, as shown in Figure 3.

To ensure safety and optimize performance, al cells must be
monitored by an electronic battery management system (BMS).
To reduce the size of the wiring harness between the BMS and
the cells, the battery is divided into sets of severa cells each.
Each set has a separate Local control module. A Centra
module is then used to coordinate the individual Locals via a
serial data link such as CAN (Controller Area Network). The
block diagram for atypical systemisshown in Figure 4.

Each of the Locals contains an electronic control unit (ECU)
and an equalizer (EQU) that must provide at |east the following
functions:

1. Temperature measurements
2. Measurement of each cell voltage
3. Equalization of each cell voltage

Voltage and temperature measurements are fairly straight-
forward, but voltage equalization is more challenging, and
several methods have been proposed [1-9]. Although it is the
cell charge that must be adjusted to achieve equalization,
voltage is used as the control variable because charge is
proportional to voltage for Lilon batteries and voltage is much
easier to measure. Equalization is necessary because slight

Figure 2. GAIA HE-602050 60AH Lithium lon Cell
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differences between the cells will cause their voltages to drift
apart as the pack is charged and discharged. These variations
also tend to increase as the pack ages and/or cells are replaced.
Since charging is limited by the highest voltage cell and
discharge is limited by the lowest, pack capacity will be
determined by these two extremes. If equalization is not
employed, this can eventually decrease the pack capacity by at
least 25 to 30 percent. Equalization is fairly simple for many
types of large batteries (e.g., lead acid or nickel metal hydride)
because, after receiving a bulk charge, they can be trickle
charged a a low current until all cells reach full charge.
However, this means that some cells receive at least a dight
overcharge, which is unacceptable for Lilon because this may
lead to ignition of the cell.

This ignition problem means that an EQU for volatile cells
such as Lilon must use an aternate method, such as charge
transfer between cells as in [1-3, 8, 9] or equalizing the cells
individually asin [4-7]. Charge transfer methods are intuitively
appealing, but in practice they tend to be complex and rather
inefficient for low voltage cells such as Lilon. Individual
equalization is by far the most common, and most of these
EQUs use a small resistor for each cell to discharge all cells to
the lowest voltage in the pack. Although effective, discharge
EQUs can produce excessive dissipation, especialy if one cell

Figure 3. 80-Cell Lithium lon Battery Pack

voltage tends to lag the others. Another problem is the
excessive time required to achieve equalization because the
EQU current must be kept fairly low to limit the tota
dissipation. In some cases, several hours are required to correct
even a moderate imbalance.

Because of these problems, [5-7] proposed a method using a
single EQU circuit that can be switched to target a cell via a set
of sealed relays; hence, the term “targeted equalization.” This
technique provides two important advantages:

1. It can either charge or discharge the cell to be equalized.

2. Because there is only one circuit, it can use a much
higher current than EQUs with aresistor for each cell.

The circuit is relatively simple, and sealed relays are well
suited for this application because the expected number of
relay operations in this application is well below the typical
specified value of 106 or 107 lifetime operations.

II. EQU OPERATION AND COMPARISON

It is instructive to first compare the characteristics of the
conventional discharge only (D) EQU and the targeted charge/
discharge (C/D) EQU shown in Figures 5 and 6, respectively.
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Figure 4. Modularized Battery Stack and BM S with Four Locals

The D type in Figure 5 has a transistor switched resistor, R1,
for each cell, and therefore can discharge any number of cells
simultaneously. le indicates the equalization current for one of
the cells, B1. Because of the large number of power compo-
nents, efficiency losses and heat generation typically restrict
R1 to less than 1 or 2 watts. The strategy is to discharge cells
until all equal the lowest cell voltage in the pack. Low power D
type EQUs such as this are widely used, but because of
restrictions on the total power loss, equalization may require
tens of hours for even a moderate imbalance. After extensive
use and/or cell replacement, differences between the cells will
tend to increase, and more rapid and flexible equalization may
be required. Some applications may aso require fast charging,
making the need for rapid equalization even more important.

The targeted C/D EQU in Figure 6 operates only on one cell
at atime, but it can provide either charge or discharge equali-

zation current. The cell and choice of charge or discharge is
determined by the Central module in Figure 4, and this
information is sent to the Locals via the CAN link. The
microcontroller in Figure 6 then sets the Selection relays and
activates either the small charger, CH, to partially charge the
targeted cell or Q1 to partialy discharge it using R2. The
power level of R2 can be much higher than R1 in Figure 5
because the single R2 is the only resistor to contribute to the
total heat dissipation.

The cell charger, CH, in Figure 5 is selected to provide about
the same current level as R2 since this matches the ratings of
the relay contacts. It typically has an efficiency of at least 82%
and therefore creates only minor heat dissipation. Although
only one cell can be serviced at any time, it will equalize much
faster than the EQU in Figure 5 due to the higher available
current. As stated earlier, the strategy for the C/D EQU is to
charge or discharge all cellstoward the average cell voltage for
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the pack. As a result of decades of development for telecom-
munications and other demanding applications, certain types of
sealed electro-mechanical relays now have very high reliability
levels. The specified number of lifetime operations often
exceeds 106 or 107, which is far above the expected
number of operations for EQUS, especialy since relay opera-
tion is infrequent once equalization is achieved. High
manufacturing volumes also have reduced the prices of these
devices, so these circuits can be very cost effective. Figure 7
shows an example contact arrangement that requires only five
relays, X1-X5, for nine cells.

Experience indicates that usualy only a few cells deviate
significantly from the average cell voltage, but these voltages
tend to be scattered above and below the average. Therefore, a
targeted EQU only needs to process a few cells, as opposed to
the D type, which has to discharge al cells to the level of the
weakest cell in the pack.

I11. EXPERIMENTAL RESULTS

As discussed earlier, the BMS described here is intended for
the Seahorse Il AUV shown in Figure 1, which uses the GAIA
HE-602050 60AH cell in Figure 2. One of the 160-cell
batteries for this vehicle has been constructed using two of the
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80-cell cylindrical packages shown in Figure 3. Each cell is
connected directly in parallel with another to form a “super
cell,” so a complete battery consists of 80 super cells con-
nected in series. Thus, each of the four Locals in Figure 4
services 20 super cells. The full charge voltage of each super
cell is 4.2 VDC, so the maximum battery voltage = 80x4.2V =
336VDC, and the maximum capacity = 336V x120AH = 40.32
KWH.

In this BMS, each of the four Local modules in Figure 4
actualy has two EQUSs, i.e., one for each half of the set.
Therefore, each Local can equalize two super cells at the same
time, meaning eight of the battery’s cells can be equalized
simultaneously. The EQU circuit board for one of the Localsis
shown in Figure 8.

The schematic for each of the two EQUs on the circuit board
in Figure 8 issimilar to that in Figure 7. The cell charger, CHL,
issimply a Cosel ZUS251205 DC-DC converter, which has an
output rating of 5VDC/4ADC. Because each cell voltage can
vary from 3.0 to 4.2VDC, CH1 always operates in the current
limit mode at a level dlightly above 4ADC. CH1 must have
gavanic isolation since the System ground and the Local
ground are usually at different voltage levels. The discharge
resistor R2 (0.67_) actually draws dightly less than 4ADC due
to parasitic series voltage drops. In comparison, a D type EQU
similar to Figure 5 typically would have to limit its cell
discharge currents to about 0.1 to 0.2 ADC or less to reduce
losses and/or temperature rise.

During the charging cycle, the Central in Figure 4 requests a
new set of measurements and designates the cells to be
equalized every 10 sec. Equalization could be done during
charge, discharge, or at rest, but since the balancing provided
by this EQU is quite fast, it is used only while charging.

Initial test results for one Local indicate very good
performance, and the super cells can be maintained within + 10
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Figure 8. EQU Circuit Board
mV of the average cell voltage for the pack. Once the pack has
reached a balanced state, operation of the EQU is infrequent,

and the equalization of a cell typically lasts for less than 1-2
minutes.

One issue observed during testing was the effect of different
internal cell resistances. Discharging at a high rate can cause
the cells with higher interna resistance to reach their lower
cut-off voltage early. This can cause system shutdown before
the battery is completely discharged. We are investigating
using the boost equalization on discharge to overcome this
issue.

IV. CONCLUSION

This more aggressive form of targeted charge/discharge
equalization has certain obvious advantages over the more
common technique of using a separate discharge resistor for
each cell. These advantages include both faster equalization
and lower losses. This technique is also much simpler and
cheaper than proposed charge re-distribution methods that
require power semiconductors and inductors or capacitors to
transfer charge from cell to cell. Sealed relays are a good
choice for connecting the EQU to the proper cell because these
devices provide both high reliability and reasonable cost.
Results for a prototype battery with 80 super cells have proven
satisfactory, and a complete set of five batteries for the AUV is
being developed.
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