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Abstract

To measure the individual voltages in a series connected battery pack, each measurement must be transferred to a common reference level.
A transconductance amplifier using an operational amplifier (Op Amp) provides a convenient circuit that is both simple and cost effective.
This technique is shown to be more accurate than previous methods and it avoids most of the component matching requirements
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1. Introduction

Applications such as electric vehicles and uninterruptable
power supplies require the use of large packs of series
connected batteries (battery strings). Some of these applica-
tions require monitoring equipment that is capable of mea-
suring the voltages of individual battery segments within the
pack in order to prevent damage and identify defective
segments. As discussed in [1-3,13], most types of batteries
can be damaged by excessively high or low voltages and in
some cases the results can be catastrophic. Lithium ion cells,
for example, will ignite if their voltages become too high,
which equates to an over-charged condition. Therefore, once
high or low voltage segments have been identified, some
equalization process must be used to re-balance the voltages
[4-12]. Imbalances are especially prevalent in applications,
such as electric vehicles where the batteries are frequently
charged and discharged. Certain problems associated with
these measurements also were previously described in [13],
along with possible solutions.

To process the data at a central location, these measure-
ment circuits must transfer each segment voltage to a
common reference level, such as the system ground as
shown in Fig. 1. Fig. 2 shows the block diagram of a typical
modularized battery management system that would use
one of these transfer circuits in each of the local modules,
LM nos.1—4. In this system the four local modules are used
to obtain data from four sections of a series battery pack,
where each section contains 12 segments that require voltage
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measurements. One advantage of this type of system is that
only a few of wires are required to transfer power and data
between the local and central modules (CM). This particular
system uses four wires: two for powering the LMs and two
for the differential serial data bus. This modularized approach
drastically reduces the amount of wiring that otherwise
would be required between the CM and the batteries. The
transfer circuit in each LM is used to shift all 12 measure-
ments to its local ground references, i.e. G1-G4. These
voltages are then multiplexed, fed to an A/D converter,
processed by a local microcontroller and galvanically trans-
mitted to the CM via a serial bus, such as CAN 2.0B.
Reference [13] also proposed a transfer circuit using
discrete transistors for performing these measurements.
An example of this circuit is shown in Fig. 3. This system
provides several accuracy and cost advantages over previous
methods and it also can be used for any number of battery
segments, i.e., Bl to Bn in Fig. 1. This is an important
advantage for these modular measurement systems because
each LM can measure a large number of segments to reduce
the number of LMs. For a 48-cell pack, for example, 4 LMs
each measuring 12 cells can be used in place of perhaps 12
LMs each measuring 4 cells. This represents a large cost
savings since, as shown in Fig. 2, each LM typically contains
a multiplexer, A/D converter, microcontroller and two gal-
vanically isolated buffers for the serial data bus. Although
effective, this earlier transfer circuit does depend on
matching discrete components to reduce errors caused by
temperature changes. This is of special importance for
automotive applications where the operating range for the
electronics may approach —30 to + 50 °C, even though the
useful range for the battery itself is more narrow [3].
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Fig. 1. Voltage measurement system for a series battery pack.

Continuing research has produced an alternative circuit,
shown in Fig. 4, that simplifies the component matching
requirements by using an operational amplifier (Op Amp) in
place of discrete transistors. This circuit has already proven
to be effective for lower voltage segments below 5V dc,
which is satisfactory for applications, such as lithium ion
(Li-ion) batteries which are typically <4 V dc. However,
care must be taken to avoid certain leakage current paths
that exist while the circuit is supposed to be inactive. The

identification of these paths and methods for eliminating
them will be described along with experimental results.

2. Previous research
Reference [13] proposed the transfer circuit in Fig. 3 to

perform the required voltage shifting for measuring the
segment voltages in a series battery pack. As stated earlier,
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Fig. 2. Modularized battery management system.
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Fig. 3. Transfer circuit with discrete transistors.

this circuit has certain advantages over other methods, but it
does require the matching of several discrete components, as
discussed in [13]. The bipolar transistor circuits are inactive
until Qg is turned on, which provides a path for ig; and ig,. If
Vig1 cancels Vigs and Vp; cancels Vi, (R) is selected such
that i] ~ icz),

V
ip = R_]j ey
and
VM = ic2R; (2)
Since,
gy = ic2 + Ip2 (3)
and
ica = Bip2 4)
where 3, = gain of Q,
Ve _ Vs Vs Va(Bo+1) )
Ry Ry  Rif, R,
or
=) (1 23) ©
If B, is sufficiently large, e.g. f, > 100,
ﬁzﬁi o= (7)

and
Vm=—Vg ()

The diodes in the D1 and D2 positions are required to
prevent leakage current that results from the reverse ava-
lanche of the base to emitter junctions of the Q; transistors
while the circuit is off, but they can be eliminated if Vg, iS
less than the Vg breakdown voltage. However, this means a
diode would have to be placed in series with each R; (except
the one for Vg,) to prevent breakdown and the resulting
leakage caused by battery segments to the left. If Vg is <5V,
it can be measured directly as shown with a standard A/D
converter. For higher voltages, a resistive divider similar to
that for Vi, can be used for V. Qa prevents leakage current
in the off state and its saturated Ry, is negligible compared
to R4 and Rs. If each V), is processed by a microcontroller,
initial tolerances can be reduced considerably, by using a
calibrated test fixture and storing a correction factor in flash
memory for each V.

Although initial tolerance errors can be reduced to a very
low-level, temperature induced variations prove to be more
difficult. For example, [13] presents data showing how
temperature variations may create [§ variations that affect
the approximation in (7); f effects can be reduced by
replacing Q; and Q, with Darlingtons, but this probably
means almost twice the number of discrete transistors since
the selection of small surface mount Darlingtons is very
limited. Variations in component matching also may
increase as more parts are added.
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Fig. 4. Basic transfer circuit using Op Amps.
3. Op Amp transfer circuit and
Ven—a = Vs + Vo (10)

Fig. 4 shows another voltage transfer circuit that avoids
the matching of discrete transistors required for Fig. 3. This
particular design is intended for a pack with fairly low
voltage segments, e.g., Li-ion cells which operate below
4V dc. The battery pack serves as the power supply for the
Op Amps and because of the low cell voltage, it is possible to
use a low cost quad package, such as the LM224. Each of the
measurement circuits for Vg3 to Vg is a simple amplifier
based on a well-known transconductance amplifier found in
references, such as [14].

Typical operation will be described for measuring Vg,_3.
If i1 =0, Vi = Vgn_3, Vo will be driven to almost 0 and
Vs = VBn—3 + VBn-4. To achieve equilibrium, i; must
reach a value such that

Vi3 = i1R) ©))

Vo will adjust so that Vg maintains equilibrium, and

VMn—3 = 1Ry = %Vans (11)
1
This circuit avoids the f§ induced error of Fig. 3 and it is not
necessary to use an Op Amp with an especially low input
voltage offset drift. For example, even an inexpensive device,
such as the LM224 (typical offset drift of 7 uV/°C [14])
produces the following results for AT = 50 °C.

AV = +7 x 50 = £0.35 (12)

This means that i;R; would have to change by —0.35 mV
to compensate. For Vg,_3 = 4V, this represents an error of
only —009%, whereas the £2 bit error of a 10 bit A/D is
+.25% (£10 mV) using a 5 V dc reference [15]. This means
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temperature variation is primarily dependent only on the
temperature induced error of the R,/R; ratio. The calibration
procedure to reduce the initial tolerance is the same as
previously described for the circuit in Fig. 3.

Since Vi1 <5V, it can be measured directly with the A/D
converters found in most microcontrollers. A simple resis-
tive divider for Vyp and the value of Vg can be used to
obtain Vp,, and this should provide the about same accuracy
as for the other segments.

The basic circuit in Fig. 4 works quite well while the
circuit is active, but it must be revised to avoid certain
problems while it is off. These revisions are included in
Fig. 5. The first of these problems is leakage current drawn
from the battery pack while the circuit is supposed to be
off. The supply current drawn by the Op Amps is typically
small in comparison to the battery ratings, e.g., the spe-
cified maximum value for the LM224 is 3 madc [14].
However, even this low value can add up to a significant
loss if the system remains in storage for several weeks, e.g.,

for a 6 Ah pack on a hybrid electric vehicle. Therefore,
an optically coupled switch, S1, is used to disconnect
from the pack when the 15 V on—off voltage is removed.
However, in spite of S1, the Op Amp inputs remain
connected to the pack and without further changes, some
leakage current can still flow via these input lines. To open
these paths, it is necessary to disconnect Vss using S2
and also disconnect the outputs using the Q, transistors. As
explained earlier, since the Ry, of Q, is very small
compared to R and R,, it does not affect the measurement
accuracy. The gate voltage of 15 V dc — Vy is adequate to
saturate Q,.

Although, these changes eliminate the leakage, the value
of Vs in the off state is variable and can drift above the
breakdown value of Q. Therefore, the D1 zeners are added
to protect these gates. Naturally, the Q, breakdown problem
can be avoided by replacing the Q; FETs with BJT2 as in
Fig. 6. However, in the off state, the forward biased emitter
base junction of Q; provides a leakage path through R, back
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Fig. 5. Transfer circuit with revisions to avoid leakage and gate breakdown.
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Fig. 6. Transfer circuit using BJTs for Q; transistors.

through the output of the Op Amp and eventually out of the
Op Amp (+) terminal to R,. Since this leakage presents a
problem for long term storage, it is preferable to avoid it by
using a FET for Q;.

4. Experimental results

Fig. 7 shows a test circuit for comparing the temperature
induced errors of the two transfer circuits. The components
to the left of V| comprise the discrete circuit from Fig. 3,
while those to the right are for the more recent Op Amp
version in Fig. 5. The Sy, S, and Q, components in Fig. 5
were omitted for these experiments since leakage current in
the off state was not an issue.

Two transistors from an MPQ7093 quad pack were used
to minimize the Vgg variations between Q; and Q,; Rs was
selected so Q, would have about the same Iz as Q; when
Vi 22 4 V dc. A thick film molded resistor network was used
to implement R;—R, to minimize variations in the R,/R; and

R4/R5 ratios. Initial tolerances were ignored in these tests
since the system can be calibrated initially using correction
factors stored in flash memory as described earlier. The
412 V dc source is used only to provide an adequate power
source for both circuits and its exact value is not critical. V,
is the simulated battery voltage and has a maximum value of
5 V dc, which will also be the maximum value of Vy; and
VM- This is consistent with Li-ion requirements which
usually have a limit of about 4 V dc or less.

These tests used a DVM with a display resolution of four
digits and the circuit was allowed to ‘““soak” for about
15 min at each temperature setting. All components in
Fig. 7 were located in the temperature chamber except V;
and V.

Experimental results for V| = 4.082 and 1.970 V dc are
shown in Figs. 8 and 9. These two values slightly exceed the
useable range of most Li-ion batteries and thus they provide
data at both extremes of Ix. The AVyy; and AVy,, deviations
versus temperature indicate that either circuit would be
acceptable for many applications, but the Op Amp version
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has better accuracy because of the improved temperature
compensation. The AVy;, data indicates the R4/R3 ratio
remained almost constant for this resistor network and as
predicted earlier, the typical offset voltage drift of £7 pV/°C
for Al apparently was not significant.

The AV, deviation for the discrete version is consistent
with the expected f3, variation in that f}, increases with
temperature. As shown by (6), Vyp also will tend to
increase as f, increases with temperature. Apparently
most the AVy, variation is due to Q; and Q, since the
AVyp; results imply that the variation in the resistance ratio
is very minor.

5. Discussion

Although, the Op Amp version produced better results,
either version will provide satisfactory performance for
certain applications. Several types of batteries are currently
under study for electric and hybrid electric vehicles, but
most of the limited production cars presently use either lead
acid, nickel metal hydride (NiMH) or lithium ion (Li-ion)
batteries. The characteristics of each of these batteries are
very different, and this implies different voltage measure-
ment requirements.

Li-ion batteries will ignite if accidentally overcharged and
this necessitates very accurate voltage measurements for
each cell, such as those provided by the Op Amp version.
Since the cell voltages are usually <4 V dc, low cost quad
pack Op Amps can be used effectively to implement the
circuit in Fig. 5. To measure Vg, 3 to Vg, in Fig. 5, the
supply voltage is connected between the top of Vg, and the
bottom of Vg,_4, which provides a maximum value of about
20 V dc. This is well below the maximum limit of about
30 V dc for many common Op Amps.

Lead-acid and NiMH batteries also have maximum vol-
tage limits that should be observed, but the issue here is a
decrease in lifetime instead of an abrupt ignition. Therefore,
monitoring of several cells together is usually adequate, such
as the common practice of measuring a segment of six 2 V
cells for lead-acid batteries. Since voltage accuracy is not as
critical for these batteries as for Li-ion, the discrete compo-
nent version is probably satisfactory, and it is also more
compatible with the higher voltages that are present. The Op
Amp version could be used for these batteries, but this may
not be cost effective because of the supply voltage limits of
most Op Amps. For example, some lead-acid batteries can
reach about 16 V at full charge. To measure two batteries
with two Op Amps in the same package, the Op Amp power
source must connect across three batteries, which means a
maximum voltage of 48 V dc. This is well above the
maximum limit for most commercially available dual or
quad pack Op Amps. Therefore, this application would
require a single Op Amp for each battery and it would have
a maximum supply voltage of 32V dc since the power
supply must be connected across two batteries. Since each

Op Amp would now require its own S; and S, switches, the
cost begins to escalate.

6. Summary

As predicted by analysis, experimental results show
the Op Amp transfer circuit has better accuracy than the
previous discrete component version. This is an important
advantage for more critical applications, such as Li-ion
batteries, where very precise voltage measurements are
required over a wide temperature range. The circuit also
should be economic for the low segment (i.e. each cell)
voltages associated with Li-ion since low cost quad pack Op
Amps can be used.

However, since the Op Amp circuit is always connected
to the battery pack, provisions should be made to avoid
certain leakage current paths within the Op Amps. This is
easily done, but these extra components add significant cost
to the circuit. As a result, for high voltage segments, such as
those which are typical for lead-acid or NiMH packs, the
previous discrete component version may be more cost
effective.
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