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A modular electronic battery management system (BMS) is described along with important features
for protecting and optimizing the performance of large lithium ion (LiIon) battery packs. Of particular
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interest is the use of a much improved cell equalization system that can increase or decrease individual
cell voltages. Experimental results are included for a pack of six series connected 60 Ah (amp-hour) LiIon
cells.

© 2010 Elsevier B.V. All rights reserved.
qualization
ithium ion battery

. Introduction

The high energy density of lithium ion (LiIon) has made it the
attery of choice in applications ranging from cell phones and lap-
ops to large electric vehicles. Low power LiIon batteries typically
onsist of packs with a few small cells, but high power applica-
ions require packs that may have upwards of 80–120 large cells
onnected in series. When properly managed, these cells provide
xcellent service, but caution is required because even slight mis-
se can cause the cells to ignite. As might be expected, proper cell
anagement becomes more of a design challenge as the size of the

ack increases.
To provide safe operation and optimum performance, these

arge LiIon packs must be supervised by an electronic battery man-
gement system (BMS) that monitors and services each of the
ndividual cells. At a minimum, a typical BMS must provide the
ollowing functions:

Measure various temperatures throughout the pack.

Measure the battery current.
Measure each cell voltage.
Adjust the charge on the cells so that they all remain close to the
same voltage (equalization).

� This paper was submitted to the Special Issue “Batteries for Automotive Appli-
ations”.
∗ Corresponding author. Tel.: +1 419 530 8289; fax: +1 419 530 8146.

E-mail address: wei.zhu@utoledo.edu (W. Zhu).
1 IEEE Senior Member.
2 IEEE Student Member.
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Temperature and current measurements are fairly simple and
can be implemented with a wide variety of sensors. Cell voltage
measurements are more complex since the series connected cells
are at different voltage reference levels, and each measurement
must be transferred to a common level. Equalization is probably
the most challenging of these basic functions, and a wide variety
of methods have been proposed [1–16,18]. This process is required
because maximum charge is limited by the highest cell voltage,
and maximum discharge is limited by the lowest. Because of the
volatility of LiIon, each cell must be equalized individually, i.e., the
pack cannot be trickle charged like a lead acid battery since even a
slight overcharge on any cell can create a serious fire hazard.

To obtain good accuracy at a reasonable cost, one cell volt-
age measurement technique is to use a transconductance circuit
to produce a current signal proportional to the cell voltage, and
then change back to a voltage at the common reference level. A
description of such a circuit will be provided later.

Although there are a wide variety of proposed equalizers (EQUs),
the most common technique is the dissipation method such as in
[9,16]. Dissipation, or D type, EQUs simply connect a small resis-
tor across each cell until it discharges to the same value as the
lowest cell voltage in the pack. Although simple to implement, D
type EQUs are inefficient and can be very slow when equalizing
higher capacity cells, e.g., 60 Ah cells. Charge transfer, or C type,
methods also have been developed [1–5,9–12,15,18], but these
systems are more complex and do not seem to have been widely
implemented.
A relatively simple, yet very effective technique is to use a relay
circuit [6–8,13,14] that provides both charge and discharge capabil-
ity for the individual cells, i.e., a C/D type. Since it only processes the
deviant cells, this system can provide a much higher equalization
current and therefore is both fast and efficient. Miniature sealed

dx.doi.org/10.1016/j.jpowsour.2010.04.055
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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elays can be used for accessing the cells, and some of these devices
re quite small, as shown by the 5 A/30 Vdc relay in Fig. 6. Since the
elays in this system only switch under no load, their reliability
s quite high, and can easily exceed 5,000,000 lifetime operations
17]. This far exceeds the expected number of lifetime operations in
QU applications since the time between relay operations typically
aries between 10s of seconds to several minutes.

Details of an experimental BMS with a C/D EQU are included
long with comparisons with a D type EQU for a LiIon pack contain-
ng 6 series connected 60 Ah LiIon cells. The test results for these
wo systems show improvements in equalization time by factors
anging from 2× to 15× for the C/D EQU, depending on the type
f imbalances in the cells. It is also shown that these factors of
mprovement will tend to increase in proportion to the number
f series cells in the pack. This 6 cell system is similar to earlier
ersions that have been implemented successfully in much larger
ystems, one of which was for an autonomous underwater vehicle
hich contained 80 series connected cells in each of 5 battery packs

13].
However, there are some major differences between the present

/D EQU and that described in [13]. First, this new system uses sim-
lified relay logic that has fewer contacts per cell and simpler relays.
econd, the new EQU uses charge/discharge devices can be turned
ff briefly while the cell voltages are measured. This allows the
QU and the measurement circuit to share the same set of sens-
ng lines, whereas the system in [13] required two separate sets
f lines. This provides a major reduction in the size of the wiring
arness. Third, since the small cell charger in the old EQU is operat-

ng while the voltage measurements are performed, EMI from this
harger can increase the measurement error. In the new system,

his EMI is not present since the cell charger is turned off while
he measurements are taken. Of course the cost of a C/D type is
robably higher than a D type, but the total system cost increase

s slight and not an issue for applications that require higher
erformance.

Fig. 1. Modularized battery stack and BM
Sources 196 (2011) 458–464 459

This present study also provides data that compares the perfor-
mance of the C/D EQU to the more conventional D type. Ref. [13]
was only intended as a brief introductory paper, and no C/D vs. D
type comparisons were presented since a D type for the same size
battery pack was not available.

2. Battery management system (BMS) modularization

To increase reliability and decrease the length and bulk of the
wiring harness between the cells and the BMS, a large battery
pack is usually divided into separate sets of cells. This type of BMS
includes a Local control module for each set, and a Central control
module to coordinate the Locals via a serial data link such as CAN
(controller area network). The block diagram for a typical system is
shown in Fig. 1, which is similar to those presented earlier in [6,8,9].

Each of the Locals, L1–L4, in Fig. 1 consists of two parts, an elec-
tronic control unit (ECU) and an equalizer (EQU). Each ECU contains
a microcontroller to perform at least the following functions:

- Communicate with the Central.
- Perform temperature and cell voltage measurements.
- Direct the EQU to equalize a specific cell(s).
- Perform safety checks and operations.

The EQU merely implements the ECU equalization instructions,
i.e., it applies a supplemental charge (boost) or discharge (buck) to
the specified cell.

The Central in Fig. 1 also contains a microcontroller that com-
municates with the Locals and processes the data they send. The
Central has complete control of the pack since it contains the

temperature and voltage data from all of the Locals. As a safety
precaution, it also controls the 12 Vdc power to the Locals. This is
necessary since the Local EQUs have the ability to boost or buck the
cells. In the event of a Local malfunction, the Central can disable
the 12 Vdc source to insure that no unmonitored boost or buck can

S with four locals of 20 cells each.
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Fig. 2. ECU cell volt

ccur. One option for powering this 12 Vdc source is to use a small
C–DC converter connected to the battery pack itself.

Periodically, e.g., every 10 s, the Central requests all the Locals to
imultaneously measure each of their assigned temperatures and
ell voltages. The voltage measurements at each Local are sequen-
ial, but delays between the measurements should be minimized
o reduce the “skewing effect” which can occur if the battery cur-
ent has large and rapid variations during the measurement period.
ample and hold circuits can be used to further reduce the skew-
ng effect, but this adds significant cost and is unnecessary in many
ases. The Locals send all of their data to the Central once the mea-
urements are complete.

The Central scans all of the data for the pack to determine if any
imits have been exceeded, and if so, corrective action is taken. The
verage cell voltage is calculated next, and the highest and lowest
ells for each Local are identified. Those cells exceeding the aver-
ge by a specified tolerance are selected for equalization, and this
ata is sent to the Locals along with the next measurement request.
owever, once a cell is selected by the EQU, it is not released until

ts voltage has been adjusted to match the average value. This is
one to avoid excessive relay operations, which could decrease
elay lifetime.

As an example, suppose the BMS in Fig. 1 has 4 Locals of 20
ells each and each Local EQU can service two cells simultaneously.
herefore this 80 cell system can only equalize 8 cells at the same
ime, but as will be shown, relatively large EQU currents can be
sed, and this provides a much faster and more efficient process
han a D type EQU. This particular arrangement was developed for
n autonomous underwater vehicle (AUV) for the Naval Oceano-
raphic Office [13] and is now in the test phase.

For applications where it is necessary to charge the pack close
o an SOC = 100% (State of Charge), it is important for the charger
o be controlled by the Central. To avoid overcharge, none of the
iIon cells are allowed to exceed 4.2 V, which corresponds to an

OC = 100% at open circuit. Therefore the charger must always oper-
te in a constant current mode, which should be controlled by the
entral. This is necessary because only the Central knows all the cell
oltages, i.e., control of the charger is determined by the individual
ell voltages, not total pack voltage.
easurement circuit.

For example, charging a 60 Ah pack might begin at 30 A, but the
highest cell voltage may reach 4.2 V before the other cells are fully
charged. To fully charge the rest of the pack, the current should
continue, but it must be reduced in steps by the Central each time
the maximum cell reaches 4.2 V. Because of the series resistance of
the cell, each time the current is reduced the maximum cell voltage
will drop slightly below 4.2 V, and the pack will continue to charge
at the lower current. Thus the original 30 A might be reduced in
5 A steps until it reaches 5 A, after which it is reduced in 1 A steps,
finally stopping when 4.2 V is reached at 1 A.

The above example only describes the control of the external
charger, and it does not include the action of the EQU which is actu-
ally operation simultaneously with the charger. Once the highest
cell reaches 4.2 V at a charge current of 1 A, the charger turns off,
and the C/D EQU will continue to boost the low voltage cells (buck
operation stops) until all cells are within 10 mV of Vmax ≈ 4.2 V.

Normally the Central does not have control of the discharge
current, but it can disconnect the load whenever the lowest cell
exceeds the minimum voltage limit. This value varies somewhat
for various cell manufacturers but usually is close to 3.0 V.

3. Cell voltage measurement

Since the maximum cell voltage is 4.2 V, each cell could be mea-
sured directly by a 5 V A/D converter if the cell voltage and the A/D
were at the same reference level. For a set of series cells such as
C1–C6 in Fig. 2, the easiest way to do this would be to measure C1
directly and use resistive voltage dividers for C2–C6 instead of the
circuit shown in the figure. However, the error tolerances of these
dividers can build to unacceptable levels when measuring more
than 5 or 6 cells. This is because each divider actually measures the
sum of the cell voltages at its connection point, and the cell voltages
themselves are obtained from the differences between the divider

measurements. For example, suppose we measure the top cell in
a stack of (20) 4 V cells, each measurement having a tolerance of
±0.1%. The measured value for the 20th 4 V cell could be as large
as, 20 × 4 × 1.001 − 19 × 4 × 0.999 = 4.156 V, which corresponds to
an error of 3.9%.
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Fig. 3. C/D EQU circuit (connects

Fig. 4. Experimental D
to cells in Fig. 2 via A–G).

type EQU circuit.
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operations of the relays.
A cell can be selected for equalization by one of the SPDT relays

X1–X6 in Fig. 3, which are controlled by an ECU similar to that in
Fig. 1. A cell boost is supplied by the small charger, CH1, which
Fig. 5. Experim

Accuracy is significantly improved using the actual measure-
ent circuit in Fig. 2. In this circuit Vc1 is measured directly, and

he measured Vc2 is obtained as follows:

m1 = Vc1 (1)

meas.c2 = R1

R1 + R2
(Vc1 + Vc2) − Vm1 (2)

hus as far as the sensing circuit is concerned, the accuracy of Vm2
epends only on the tolerances of R1 and R2. For the Vm3 measure-
ent, note that in the active region, the input voltage to U1A must

e virtually zero, i.e.,

c3 = I3R4 (3)

hich means U1A will increase the source to gate voltage of Qa

ntil the condition in (3) is met. Therefore,

m3 = I3R3 = Vc3
R3

R4
(4)

r if R3 = R4, then Vm3 = Vc3 (5)

m3 depends only on the tolerances of R3 and R4, similar to Vm2. R11
s used only to cancel the effect of any offset voltage caused by any
mall leakage currents at the U1A input.

The quad op amp in Fig. 2 is powered by the battery pack itself,
ut it must be connected so that Vdd is sufficiently above and Vss is
ufficiently below any of the input voltages. Although this require-
ent is easily met, it could also be avoided using other types of op

mps. D1 and D5 are added as a precaution to protect Qa from any
xcessive momentary voltages that may occur when the sensing
ines are connected and disconnected from the battery cells.

The operation is similar for Vm4–Vm6, and an additional op amp
an be added for each additional cell. For example, 20 cells would
equire 18 operational amplifiers, which could be implemented
sing 5 quad packages such as the common LM324. If more than

ne Local is used, the 12 Vdc supply and the Local cannot share
common ground since the grounds for the different Locals are

onnected to different voltage levels in the battery pack. Thus in
eneral, different grounds are required for the Local and the 12 Vdc
upply, as indicated in Figs. 2 and 3.
/D EQU circuit.

4. Equalization

The basic EQU circuit chosen for this system is shown in Fig. 3
[14]. Other relay configurations such as those in [6,8,13] also can
be used to reduce the number of relays slightly, but this system
was chosen because of its relative simplicity. Note that the cells
are purposely not shown in this circuit, but only the points A–G
which connect to the circuit in Fig. 2, i.e., the two circuits share
the same sensing lines that connect to the cells. This provides an
important reduction in the size of the wiring harness, but it also
means that the EQU should be turned off while measuring the cell
voltages, otherwise parasitic voltage drops due to the EQU currents
will create errors in the measurements. Fortunately, this is easily
done using optical couplers OPTO 1 and 2, and does not require any
Fig. 6. 60 Ah lithium ion cell and 5A/30Vdc SPDT relay.
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±10 mV of the Vavg value for all six cells. The initial conditions
for these examples are summarized in Table 1, where �V = voltage
deviation.

Table 1
Initial conditions for Examples 1, 2, and 3.

Example Symbol D type (V) C/D type (V)

1 Vavg 3.472 3.479
V6 3.399 3.418
�V −0.073 −0.061

2 Vavg 3.427 3.414
Fig. 7. Equalization res

s simply a small DC/DC converter operating in the constant cur-
ent mode to provide about 5 A to the selected cell. If a cell buck is
equired, this is achieved by connecting R1 across the cell via Q7.
his current also can be set to about 4–5 A, but in the actual circuit
his was reduced to about 2–3 A. to reduce the power rating of R1.
his current of course varies with the cell voltage which varies from
to 4.2 V.

At the start of a typical cycle, e.g., every 10 s, the Central tells
he Local ECU if a specific cell needs a buck or boost from the
QU. The ECU then activates the proper relay, and turns on Q7
r CH1, as required. Although the relays are rated to switch the
QU currents under load, Q7 and CH1 are always turned off before
witching the relays in order to reduce the stress on the con-
acts. As mentioned earlier, to avoid cell voltage measurement
rrors due to the EQU current, Q7 and CH1 are also turned off
hile the cell voltages are being measured, typically a few mil-

iseconds.

. Experimental results

To compare the performance of D vs. C/D equalization, an exper-
mental 6 cell version of each type was built and tested [14]. The

type circuit is shown in Fig. 4, and the C/D type is in Fig. 5. The
ells used in these tests were the GAIA HE-602050 3.6 V/60 Ah units
dentical to the one shown in Fig. 6. Fig. 6 also shows one of the

iniature Panasonic SPDT relays.
When one of the discharge circuits in Fig. 4 is turned on it will

raw a discharge current of about 0.55 A when the cell voltage is
.5 V. Therefore if 5 of the 6 cells are being equalized, the dissipation

ill be 5 × 3.5 × 0.55 = 9.63 W.

To provide a common basis of comparison, R1–R3 in Fig. 5 were
elected so that the dissipation in the EQU buck mode would be
lose to the maximum value of 9.63 W, calculated above for the D
ype in Fig. 4. The final result was about 2.65 A at 3.5 V or 9.28 W,
r the D and C/D EQUs.

which includes the total current drawn by Q7–Q9. The cell boost
current in Fig. 5 was somewhat higher, about 5 A at 3.4 V.

This seems to provide a logical basis of comparison, but it should
be noted that the difference in performance would be more pro-
nounced for a larger number of cells. For example, suppose 19 of
20 cells were being equalized by the D EQU.

To maintain the same level of maximum dissipation, the allow-
able current for each cell would only be 0.145 A instead of 0.55 A.
Therefore because of the lower current, the equalization time for a
20 cell D type EQU would be about 4× that for a 6 cell D type EQU.

To compare the performance of the D and C/D EQUs, a series of
tests were conducted for three different cases of deliberate cell volt-
age imbalance. The pack was at rest during these tests, so the only
cell currents were those due to the EQU. The resulting cell voltages
before and after the tests are shown in Fig. 7 for all three exam-
ples. The criterion for equalization was for each cell to be within
V6 3.487 3.497
�V 0.060 0.083

3 V123avg 3.394 3.386
V456avg 3.495 3.498
�V 0.101 0.112
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Fig. 8. Equalization time required for D and C/D EQUs.

As expected, the results shown in Fig. 7 indicate both EQUs were
ble to eventually equalize the pack, but the final cell voltages were
omewhat higher for the C/D, especially for Examples #1 and #3.
his also is to be expected since the boost capability of the C/D
as used to an advantage in these two cases. Somewhat surprising
as the higher voltage in Example #2 since one would expect the

nly operation to be a buck (discharge) for cell 6. However, once
ell 6 reached Vavg for the C/D type, other cells apparently were
elow Vavg by more than 10 mV, and therefore some additional
oost operations were performed until the pack was equalized.

Perhaps of more importance are the graphs in Fig. 8 showing
he equalization time required for each of these three examples. In
xample #1 where cell 6 was lower than Vavg, the time required for
he D type was 9 h, but the C/D type required only 0.6 h. In Example
2 where cell 6 was higher than Vavg, the D type required about
.25 h, whereas the C/D type required only 2 h. Finally for Example
3 where there were 2 groups of 3 cells each with an initial dif-

erence between the 2 groups, the D required 12.5 h, but the C/D
equired only 3.25 h.

Although the C/D type was always much faster than the D type,
he differences do not necessary match the differences in the nom-
nal values of the equalization currents for the two types. Reasons
or this include variations in the actual currents during boost or
uck and nonlinearities in the charge vs. voltage characteristics for
he cells. Also, in most cases the C/D type will employ a combina-
ion of boost and buck operations which use one value of current
or boost and a different value for buck, i.e., 2.65 A for buck and 5 A
or boost.
. Conclusion

This modularized BMS provides a relatively simple yet accu-
ate means of managing the large LiIon packs such as those found

[
[

[

Sources 196 (2011) 458–464

on commercial electric vehicles or aerospace applications. This
includes a C/D type EQU system that has proven to provide much
faster equalization than a comparable D type. To minimize equal-
ization time for all types of cell voltage imbalance, the C/D EQU
provides both boost and buck equalization, and it can be used while
the battery is in charge, discharge, or at rest. This is borne out by the
experimental results for three cases which indicate improvements
in equalization time by factors ranging from 2× to 15×, depend-
ing on the type of imbalance. Because of its boost capability, the
C/D type should always be significantly more efficient than the D
type. If desired, it also can be programmed to operate only in the
boost mode, although this will usually increase the equalization
time somewhat.
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